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Biocorrosion, also termed as microbiologically influenced corrosion (MIC), 
refers to the electrochemical process where the participation of the microorganisms on 
a metal surface accelerates the corrosion reaction on the metal surface. An important 
step of biocorrosion process is the formation of a biofilm, a microbial community 
which is enveloped by adhered extracellular biopolymer substances (EPS) these 
microbial cells produce on the surface of a liquid and a surface. In this thesis, several 
issues related to biofilm and biocorrosion on metals are addressed. These include: (i) 
the isolation and characterization of a novel marine sulphate-reducing bacteria (SRB) 
strain from local seawater, (ii) investigating bacteria-metal interactions, (iii) 
investigating biofilm and its induced biocorrosion of two SRB strains on stainless 
steel 316 (SS316), and (iv) biofilm and biocorrosion prevention using an organic 
inhibitor and a layer-by-layer coating on the metal substrate.  
A novel sulphate-reducing bacterium, designated Desulfovibrio singaporenus 
strain SJI1, was isolated from seawater near St. John Island, Singapore. The isolate is 
rod, curved-shaped and motile, and is a typical moderately halophilic and mesophilic 
strain. Interestingly, D. singaporenus completely oxidizes lactate to acetate via 
pyruvate as the intermediate during sulphate reduction. Acetate is further partially 
oxidized to CO2 when it is used as an electron donor. 
The adhesion of two anaerobic sulphate-reducing bacteria (D. desulfuricans and 
D. singaporenus) and an aerobe (Pseudomonas sp.) to four polished metal surfaces 
(i.e. stainless steel AISI 316, mild steel, aluminum, and copper) was examined using a 
force spectroscopy technique with an atomic force microscopy (AFM). Using a 
modified bacterial tip, the attraction and repulsion forces (in the nano-Newton range) 
between the bacterial cell and the metal surface in aqueous media were quantified. 
Results show that the bacterial adhesion force to aluminum and to copper is the 
highest and the lowest respectively among the metals investigated. The bacterial 
adhesion forces to metals are influenced by the surface charges and the 
hydrophobicity of the metal and bacteria. The cell-cell interactions show that there are 
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strong electrostatic repulsion forces between bacterial cells.  
Biocorrosion of SS316 by D. desulfuricans and D. singaporenus was 
investigated. The biofilm and pit morphology that developed with time were analyzed 
using atomic force microscopy (AFM). Electrochemical impedance spectroscopy (EIS) 
results were interpreted with an equivalent circuit to model the physicoelectric 
characteristics of the electrode/biofilm/solution interface. D. desulfuricans formed one 
biofilm layer on the metal surface, while D. singaporenus formed two layers: a biofilm 
layer and a ferrous sulfide deposit layer. AFM images corroborated results from the EIS 
modeling which showed biofilm attachment and subsequent detachment over time. 
These results indicate that SRB could directly react with metal surface, and it plays 
direct role in the biocorrosion.  
A layer-by-layer coating on SS316 substrate alternately with quaternized 
polyethylenimine (q-PEI) and poly(acrylic)acid (PAA) to form polyelectrolyte 
multilayers (PEM) was investigated. The PEM were stable in seawater. The 
antibiocorrosion ability of PEM on stainless steel was assessed using Pseudomonas 
sp., D. desulfuricans and D. singaporenus. Compared to the bare stainless steel, the 
corrosion rates and the pit depths decreased for the PEM functionalized SS316. 
Biofilm growth on the substrate was inhibited by the antibacterial effect of q-PEI as 
shown by confocal laser scanning microscopy (CLSM). These results indicate that 
PEM have potential applications in the inhibition of biocorrosion of metal substrates.  
Corrosion inhibition of mild steel and SS316 by an organic inhibitor 
2-Methylbenzimidazole (MBI) in seawater was also investigated using direct current 
polarization, XPS, EIS, SEM, CLSM, and AFM.  MBI was shown to be an effective 
inhibitor in controlling abiotic corrosion as well as biocorrosion by D. desulfuricans 
and D. singaporenus. Tafel plots revealed that MBI predominantly controls the 
cathodic reaction. The corrosion inhibition effect of MBI on MIC is partially due to 
the inhibition of the bacterial activity. The adsorption of MBI on the steel surface 
follows a Langmuir adsorption isotherm model. 
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CHAPTER 1 INTRODUCTION 
Although corrosion associated with microorganisms has been recognized for 
over 50 years, research in biocorrosion (i.e. the role played by microorganisms in 
corrosion) is considered relatively new and its mechanism is still not fully understood. 
Biocorrosion, also termed microbiologically influenced corrosion (MIC), refers to the 
influence of microorganisms on the kinetics of corrosion processes of metals, induced 
by microorganisms adhering to the interfaces, i.e. on the biofilm.   
Biocorrosion is not a new corrosion mechanism but it integrates the role of 
microorganisms in the corrosion processes. It occurs directly and indirectly as a result 
of the activities of living microorganisms. The corrosion reactions can be influenced 
by microbial activities, especially when the microorganism attaches onto metal 
surface to form biofilm. Kinetics of corrosion processes of metals can be influenced 
by biofilms. Products of their metabolic activities including enzymes, exopolymers, 
organic and inorganic acids, as well as volatile compounds such as ammonia or 
hydrogen sulfide can affect cathodic and/or anodic reactions, thus altering the 
electrochemistry at the biofilm/substrate interface. The involvement of biofilm on 
metal surface may result in metal deterioration. 
It is well-known that seawater is more corrosive than freshwater because of the 
high concentration of chloride ion. Chloride can decrease the pH near the metal 
surface and attack the passive film on the metals. Furthermore, seawater supports the 
growth of diverse living microorganisms. When immersed in seawater, metal surfaces 
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are rapidly covered with a layer of primary bacterial film. The corrosion induced by 
the microorganisms occurs after this bio-adhesion process.  
Biofilm and biocorrosion have become a serious problem in the marine industry. 
It reduces the lifetime of various industrial materials and equipment.  It is estimated 
that approximately 20% of all corrosion damage of metals is induced by biocorrosion 
(Flemming, 1996).  Financial cost associated with the repair and replacement of 
equipment resulting from the damage of biofilm and biocorrosion problem run into 
millions of dollars annually. Brennenstuhl et al. (1992) reported that biocorrosion 
caused a damage of approximately US $ 55 million in stainless steel exchangers 
within 8 years. The costs arise from lost energy, spare parts, repair efforts, monitoring 
and changes in design. 
Therefore, it is important to study the biocorrosion behavior of metals and its 
corrosion mechanisms in the marine environment. There are usually several 
mechanisms involved in biofilm induced corrosion. A biofilm not only entraps 
deleterious metabolites secreted by bacteria, but also creates gradients of pH, 
dissolved oxygen, nutrient, and chloride. Over time, this alters and influences the 
immediate surroundings of the metal surface and leads to localized corrosion of the 
metal.  
The metabolic products of microorganisms in biofilm may be very harmful to 
the metals. For example, the organic or inorganic acids produced by bacteria greatly 
increase the corrosion of metals by speeding up the anodic reaction, while some 
bacteria may be involved in the cathodic reaction by consumption of hydrogen or 
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oxygen (cathodic reactants) in the metal-biofilm interface. Therefore, it is important to 
study the mechanism of the biofilm and biocorrosion. In this chapter, a review will be 
given on biofilm formation, biocorrosion mechanisms, bacteria species associated 
with the biofilm and biocorrosion of metals, as well as methods for the inhibition of 
biofilm and biocorrosion.   
 
1.1 Biofilm Formation on Metal Surfaces 
Biofilm is composed of microorganisms (including bacteria, fungi, algae and 
protozoa) adhering to the surfaces of solid in an aqueous environment. It is a slimy 
substance which contains microorganisms, extracellular polymeric substances, metals, 
plastics, and soil particles. Biofilm grows via a series of steps: First some trace 
organics are first adsorbed to the surface to form a conditioning layer, after which 
some pioneer bacteria may adsorb and subsequently desorb (Hamilton, 1987). The 
initial bacteria attachment is formed through a reversible adsorption process, which is 
governed by electrostatic attraction and physical forces, e.g. van der Waals forces and 
hydrophobic interactions (Ong et al, 1999; Van Oss et al., 1986), but not 
chemisorption. The adhesion forces are dependent on the physicochemical property of 
the substrate and the surface property of bacteria, e.g. hydrophobicity and surface 
charge. The initial bacterial attachment is a crucial step in the process of biofilm 
development (Razatos et al., 1998).  
Some researchers (Hamilton, 1987; Wolfaardt and Cloete, 1992) have taken an 
empirical approach to observe initial microorganisms attachment microscopically, and 
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model the adhesion process. The attachment is usually studied by image analysis such 
as confocal laser scanning microscopy (CLSM) developed by Caldwell and Lawrence 
(1989). Some other researchers, including Absolom et al. (1983), and Rutter and 
Vincent (1984), have expanded on the physicochemical thermodynamic approach. 
Absolom et al. (1983) employed a concept of short-range interaction force to see the 
direct bacteria contact with the substratum, and the Gibbs free energy is estimated 
from the interfacial tension. In contrast, Rutter and Vincent (1984) used the 
long-range interaction concept based on the DLVO (Derjaguin, Landau, Verway, and 
Overbeek) theory. The interaction Gibbs free energy between particle and surface is a 
function of the distance between the two. Recently, atomic force microscopy (AFM) 
force measurements of cell-solid and cell-cell interactions using functionalized probes 
have been shown to be a promising new approach to study the initial bacteria 
attachment (Dufrêne, 2003). The bacteria are directly attached to the end of the 
cantilever to form a modified tip (termed as a cell probe). Cell probes have been used 
to quantify the interactions between the bacteria and various inanimate surfaces, 
including mica, Teflon, some coated substrates (e.g. polystyrene), and hydrophilic as 
well as hydrophobicly modified glass. It has been reported that cell adhesion to 
surfaces is enhanced by the surface hydrophobicity of the substrate (Videla, 1996; 
Ong et al., 1999).  Lower et al. (2000; 20001a; 2001b) also used AFM force 
measurements to quantify the interfacial and adhesion forces between bacteria and 
mineral surfaces. Besides bacterial cells, cell probes that were modified with yeast 
and spore have been employed for the analysis of fungal contamination in food, drug 
Chapter 1  Introduction  
5 
and agricultural industries (Bowen et al., 2000a, 2000b, 2001, and 2002). Bowen et al. 
(2000a, 2000b, 2001, and 2002) used different yeast cells and spores to study the 
parameters that influence the cell adhesion, including the strength of cell-substrate 
interactions, the time development of adhesive contact, the influence of pH and ionic 
strength, the effect of substratum, and the effect of the culture age and growth 
conditions. Interestingly, the cell probe can be used to “recognize” a mineral surface; 
it has been reported that the affinity between the bacterium Shewanella oneidesis and 
goethite rapidly increases as electrons transfer from the bacterium to the mineral 
(Lower et al., 2001b).   AFM force measurements using a cell probe have also been 
applied in the area of membrane research (Li and Elimelech, 2004; Hilal and Bowen, 
2002; Hilal et al., 2003) to investigate the contamination and fouling of the 
nanofiltration membrane. However, the bacterial attachment to metal surfaces has 
seldom been studied.  
In general, some of the adsorbed cells colonize and form structures which may 
permanently hold the cells to the surface to form a biofilm. The adsorbed cells 
produce extracellular polymeric substance (EPS), whether capsule or a loose network, 
as a glycocalyx. Soon thereafter, a thriving colony of bacteria is established. In a 
mature biofilm, more of the volume is occupied by the loosely organized glycocalyx 
matrix (75% - 95%) than the bacteria cells (5 - 25%).  
The development of biofilm is affected by some parameters (Coetser and Cloete, 
2005) such as the system temperature, water flow rate past the surface, environmental 
nutrient, surface roughness, and pH conditions of water which influence the bacterial 
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growth and attachment.  
 
1.2 Mechanisms of Biocorrosion  
The formation of biofilm may have deleterious effects for the metal substrates. 
Two distinct classes of microorganisms, the aerobe and anaerobe, cause biocorrosion 
with distinctly different types of corrosion reactions. Under aerobic conditions, the 
continuous supply of oxygen to the cathode and the removal of the insoluble iron 
oxides and hydroxides at the anode speed up the corrosion process (Hamilton, 1985). 
The role of the microorganisms is either to assist in the establishment of the 
electrolytic cell (indirect) or to simulate the anodic or cathodic reactions (direct) 
(Hamilton, 1985).  
The microorganisms in the biofilm increase the metal corrosion in several ways: 
(a) Consumption of oxygen (cathodic reactant in aerobic corrosion) by aerobic 
microorganisms to form localized differences in concentration shift, which results in 
the creation of localized corrosion of metals. 
(b) Consumption of hydrogen (cathodic reactant in anaerobic corrosion) by 
microorganisms to depolarize the cathode, which increases the rate of metal loss at the 
anode.  
(c) Biodegradation of protective coatings on metal surfaces by microorganisms. 
(d) Biodegradation of corrosion inhibitors, which are added to protect metals in 
industrial water systems. 
(e) Production of microbial metabolites which are corrosive organic and inorganic 
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acids, and are often the end-products of the metabolism of microorganisms. 
(f) Production of metabolic by-products, such as H2S, which precipitate metal ions, 
such as iron to form corrosive FeS.  
 
1.3 Bacteria Related to Biofilm Formation and Biocorrosion  
Microorganisms associated with biocorrosion of metals such as iron, aluminum, 
copper and their alloys are diverse in the natural environment. Their ability to 
influence the corrosion of metals by changing the corrosion resistance in the 
environment makes the microorganisms deleterious to the metals.  
The main types of bacteria involved in biocorrosion of metal substrates are (i) 
sulphate-reducing bacteria (SRB), (ii) sulfur-oxidizing bacteria (SOB), (iii) 
iron/manganese-oxidizing bacteria (IOB/MOB), and (iv) slime-producing bacteria 
(SPB). These microorganisms can coexist in natural biofilms, and affect the 
electrochemical processes in either anaerobic or aerobic reaction by the excreted 
metabolites.  
1.3.1 Sulphate-reducing Bacteria (SRB) 
The most common bacteria related to biocorrosion are sulphate reducing 
bacteria (SRB), which include the genus Desulfovibrio, Desulfotomaculum, and 
Desulforomonas. SRB are anaerobes that are sustained by organic nutrients. Generally 
they require a complete absence of oxygen and a highly reducing environment to 
function efficiently. SRB are usually not the first group of microorganisms to deposit 
on metals in the aqueous environment. Initially, aerobic microorganisms are the 
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predominant populations present in water. As these grow, biofilms accumulate and a 
strong reducing environment develops at the attachment point. SRB then begin to 
grow. The metabolites of the aerobic microorganisms not only produce reducing 
conditions, but also provide nutrients for the SRB, which permit them to grow at a 
rapid rate. Corrosion develops in the areas where SRB have grown to a high 
population. Thus anaerobic biocorrosion occurs in aqueous systems. Although water 
contains free oxygen, the areas where SRB grow are anaerobic.  
The mechanisms of metal corrosion in the presence of SRB are complex. In an 
anaerobic environment, SRB use sulphate as the electron acceptor and reduce it to 
sulfide. Von Wolzogen Kuhr and van der Vlugt (1934) in their pioneering work, 
suggested the following reactions occurring: 
4Fe → 4Fe2+ + 8e-                           (anodic reaction)  
8H2O → 8H+ + 8OH-                                    (water dissociation)  
8H+ + 8e- → 8H(ads)                         (cathodic reaction)  
SO42- + 8H(ads) → S2- + 4H2O                 (bacterial consumption)  
Fe2+ + S2- → FeS                          (corrosion products)  
4Fe + SO42- + 4H2O → 3Fe(OH)2 + FeS + 2OH-    (overall reaction)  
This overall process is described as cathodic depolarization. Based on this 
theory, SRB consume the atomic or cathodic hydrogen which accumulates at the 
cathode by a hydrogenase enzyme, thereby depolarizing the cathode (Hardy, 1983). 
This is the first mechanism proposed for SRB induced corrosion.  
Some researchers (Sanders and Hamilton, 1986; Little et al., 1992), however, 
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have suggested that the corrosion rates increase due to the cathodic reduction of H2S: 
H2S + 2e- → H2 + S2-                         (cathodic reaction of H2S) 
and the anodic reaction is accelerated by the formation of iron sulfide: 
Fe + S2- → FeS + 2e-                          (anodic reaction) 
It is, however, generally acknowledged that it is too simplistic to consider only 
one mechanism, since many factors may be involved in SRB-influenced corrosion. 
Besides the cathodic depolarization by hydrogenase and anodic depolarization 
demonstrated above, the corrosion process or substances involved may also include 
iron sulfide, Fe-binding exopolymers, volatile phosphorus compound, sulfide-induced 
stress corrosion cracking and hydrogen-induced cracking or blistering (Beech, 1999).  
The three SRB induced corrosion mechanisms mentioned above are based on 
the indirect interaction of SRB with metals, i.e. by increasing the anodic or cathodic 
reaction. Recently, Dinh et al. (2004) detected SRB with the potential for direct 
corrosion by enriching the SRB cultures with iron specimens as the only electron 
donor and marine sediment as the inoculum. The growth of living bacteria suggests 
that the SRB strain IS4 has a direct interaction with iron. An electron flow from 
metallic iron can directly participate in the sulphate reduction via a pathway:  
Fe       electron transport system     sulphate reduction enzymes   
 
            Hydrogenase         H2   
Such direct interaction between SRB and metallic iron indicates that the iron 
could become a growth substrate of SRB, which dramatically increases the metal 
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corrosion. This understanding greatly changes the conventional viewpoint toward 
SRB induced corrosion, which is usually considered to be the result of the indirect 
influence of SRB on the biocorrosion of metals.   
These mechanisms mentioned above offer a possible explanation of 
SRB-induced corrosion. However, several factors, such as the cathodic depolarization, 
anodic depolarization, acidification caused by hydrogen sulfide, and the direct 
electron flow between metal and bacteria, may influence biocorrosion of metals 
simultaneously, thus rendering the biocorrosion behavior of SRB more complicated.  
1.3.2 Other Bacteria 
Besides SRB, numerous types of bacteria are able to carry out iron oxidizing 
reactions and have been shown to influence corrosion reactions. Some bacteria 
associated with the corrosion and their mechanisms are listed below: 
(a) Iron/Manganese oxidizing bacteria (IOB/MOB) 
IOB/MOB, for example, the genera Siderocapsa, Gallionella, Leptothrix, 
Sphaerotilus, Crenothrix, and Clonothrix, are groups of bacteria related to MIC. They 
can oxidize Fe2+, either dissolved in the bulk medium or precipitated on a surface, to 
Fe3+.  The dense accumulation of IOB/MOB on the metal surface may thus promote 
the corrosion reactions by the deposition of cathodically reactive ferric and manganic 
oxides and the local consumption of oxygen by bacterial respiration in the deposit 
(Beech and Gaylarde, 1999). It has been shown that IOB/MOB can promote the 
ennoblement of metals (i.e. a change to more positive values of pitting potential) and 
pitting corrosion.  
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Comparisons in the chemistry of microbially and electrochemically induced 
pitting of 316L stainless steel have been studied (Geiser, et al., 2002; Shi, et al., 2006). 
Firstly, pits formed in the presence of bacteria (Leptothrix discophora) had 
morphologies different from those initiated by anodic polarization of the material in 
the same solution (Geiser, et al., 2002). Corrosion pits induced by manganese 
oxidizing bacteria show the same morphology with the bacteria. Secondly, the pits 
and their immediate vicinity associated with microbiologically influenced corrosion 
had different chemical signature from those associated with electrochemically induced 
pitting (Shi, et al., 2006). These findings suggest a possibility that the microorganisms 
were directly involved in pit initiation. Chromium, manganese and iron are dissolved 
in the passive layer and manganese-containing deposit was formed on the metal 
surface during the pitting process of Leptothrix discophora, while only manganese 
and iron are dissolved in the passive layer in the anodic polarization pitting process.  
Leptothrix discophora is also implicated in manganese corrosion. Manganese 
biomineralization occurs in two steps: firstly, the divalent manganese Mn2+ is 
oxidized to manganese oxyhydroxide MnOOH; and secondly, MnOOH is further 
oxidized to manganese dioxide MnO2 (Shi et al., 2002). After the manganese 
oxidation, the biomineralized MnO2 becomes a cathodic reactant, which is reduced 
through MnOOH to Mn2+. The reduction reaction increases the corrosion rates 
(Olesen et al., 2000). 
(b) Sulfur/Sulfide Oxidizing Bacteria (SOB) 
Acidophilic SOB, such as Thiobacillus spp., are a group of aerobic and 
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chemolithotrophic autotrophs, and obtain energy for carbon dioxide by many 
reactions involving the oxidization of sulphur, hydrogen sulfide, or other reduced 
sulphur compounds to sulfuric acid (Prescott et al. 1990). The corrosion action of 
SOB is generally accomplished by severe acidification of the local environment, as 
well as the formation of aggressive microbial consortia with SRB, with which the 
sulphur cycle takes place (Postgate, 1996).  
(c) Acid producing bacteria (APB)  
APB produce copious quantities of inorganic and organic acids as by-products 
of cell metabolism, with acetic, formic, and lactic acids being the common 
by-products. Little et al. (1992) reported that acids synthesized in the Krebs Cycle by 
most aerobic microorganisms can contribute to biocorrosion. These ionized acidic 
groups may be very important in corrosion when the pH of the biofilm is very low.  
Pseudomonas sp. is a typical APB that causes biocorrosion. It can cause the 
acidifications of the systems, provide nutrients for anaerobic organisms, and a 
differential aeration environment. It was reported that Pseudomonas sp. produced 
carboxylic acid groups of matrix polysaccharides such as alginic acid (Jang et al. 
1989), which was highly concentrated at the metal-biofilm interface. The 
concentration of the low molecular weigh acids to a high level would be very 
aggressive to metal when the pH of biofilm is low. 
(d) Slime-producing bacteria (SPB) 
Microorganisms which produce extracellular polymeric substance (EPS) during 
the growth of biofilm, were reported to associate with localized corrosion of stainless 
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steel (Pope et al. 1984). The SPB involved in biocorrosion include Clostridium spp., 
Flavobacterium spp., Bacillus spp., Desulfovibrio spp., Desulfotomaculum spp., and 
Pseudomonas spp.  
The mechanism of SPB in biocorrosion is still not clear. It has been reported that 
the biofilm contain linear or cross-linked acidic or non-ionic polysaccharides, 
oligopeptides, mannose, and galactose. Corrosion products of copper complexes are 
found to be rich with pyruvate, acetate, and histidine (Paradies et al. 1992). Fischer et 
al. (1988) suggested a mechanism of copper corrosion by SPB; chloride ion 
sequestration into pits forms a complex ion of [Cu2Cl2]2- in the biofilm which 
promotes the ionization of metallic copper.  
Although the bacteria mentioned above causes corrosion of metals via different 
mechanisms, biocorrosion may be more severe in mixed culture consortia. Bacteria in 
natural systems seldom, if ever, occur as a pure culture. As a consortia, bacteria as 
members of a biofilm benefit in various ways. They have enhanced access to nutrients, 
and are close to cells with which they are in synergistic relationship and are protected 
to a high degree from various antimicrobial mechanisms, including biocide, 
antibiotics, and predators. Furthermore, the synergistic relationship between aerobic 
and anaerobic bacteria also enhances the corrosion. The aerobic bacteria would not 
only consume the oxygen and produce an ideal environment for the growth of 
anaerobic bacteria, but also produce metabolic products which may become the 
substrates or energy sources for the other bacteria. This mutualism relationship among 
bacteria makes a perfect environment for the bacterial growth, and an active role in 
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the metal corrosion. Clearly, such a synergistic relationship renders the biocorrosion 
mechanism more complex. 
However, the role of SRB in biocorrosion is still poorly understood. Although 
the mechanism that SRB directly react with metal has been proposed, and evidence of 
SRB growth with metal as the only electron donor has been observed, no clear 
evidence that implicates SRB in metal corrosion was given. Moreover, most 
researchers concentrate on the biocorrosion effect, with few studies paying attention 
to the biofilm formation of these bacteria to metals, especially for local SRB. 
 
1.4 Methods for the Inhibition of Biofilm and Biocorrosion 
Corrosion involves the movement of metal ions into the solution at an active 
area (anode), the passage of electrons from the metal to an electron acceptor at a less 
active area (cathode), and an ionic current in the solution and an electronic current in 
the metal (Sanyal, 1981). Corrosion can be controlled by suitable modifications of the 
environment which in turn retard or completely stop the anodic or cathodic reactions 
or both. This can be achieved by the use of coatings or inhibitors. 
1.4.1 Layer-by-layer (LBL) Polyelectrolyte Multilayer Coating 
Developing multilayer coatings using molecule deposition is a simple and 
powerful surface treating strategy that has been widely employed by researchers for 
over 60 years. The earliest technique for consecutively deposited single molecule 
layers, so-called Langmuir-Blodgett (Blodgett, 1934; Blodgett and Langmuir, 1937) 
technique, was developed by forming monolayers on water surface and then 
transferred onto a solid support. Later, Kuhn et al. (1971) used the Langmuir-Blodgett 
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technique to synthesis nanoscale heterostructure of organic molecule films. The 
common interactions used to form the multilayer films include ligand-receptor, 
covalent bonding, and coordination linkage. However, these approaches have critical 
limitations because the multilayer films are restricted to the surface topology of the 
substrate and the stability of the film. Moreover, another weakness is that high quality 
multilayer films cannot be obtained reliably, and only limited classes of organics 
could be applied. These techniques are restricted because the multilayers are highly 
steric demanding due to long range forces between molecules. Subsequently in the 
1980s, some researchers began to use alternatives to Langmuir-Blodgett technique in 
multilayer systems. However, the major disadvantage of these processes was the 
relatively low yield. 
Recently, Decher (1997) developed a new, convenient, and versatile technique 
for the LBL deposition by alternative adsorption of oppositely charged polyeletrolytes. 
This simple methodology is based on two basic principles — electrostatic attraction 
and adsorption, which are of prime importance to the successful building of 
multilayer systems. During the assembly process, a polyelectrolyte with a large 
number of charged or chargeable groups dissolved in polar solvents is firstly adsorbed 
onto a suitable substrate. The anionic and cationic polymers are then alternately 
supplied by adsorbing on the top of the previously adsorbed layer. Cyclic repetition of 
the adsorption of anion and cation leads to the formation of the polyelectrolyte 
multilayers.  The electrostatic attraction between oppositely charged molecules is a 
good driving force for building of the polyelectrolyte multilayers, because it has the 
Chapter 1  Introduction  
16 
least steric demand of all chemical bonds. In addition, it has been shown that all kinds 
of strongly charged molecules can be combined into multilayers, and that this 
technique can be used to obtain well defined layers with specific properties, e.g. 
optical or electric properties (Decher, 1997). This study is useful because the 
development of polyelectrolyte multilayers with such strong electrostatic attraction 
has promising potential applications. Despite the successful development of the 
polyelectrolyte multilayers, much remains to be investigated, especially on the aspect 
of the stability of the polyelectrolyte multilayers in solutions. 
Hoogeveen et al. (1996) examined the stability of polyelectrolyte multilayers, 
and showed that the main variables that determine the stability of the polyelectrolyte 
multilayers are the polymer charge and the ionic strength. Very stable multilayers are 
formed when both polymers are highly charged, and the ionic strength is low. The 
stability of strong charged polyelectrolytes is not influenced by the substrate, 
environment pH, and the ionic strength of the solution. The study also paved the way 
for the further research on the polyelectrolyte multilayers. 
In recent years, polyelectrolyte multilayers, with poly(acrylic acid) 
(PAA)/quaternized polyethylenimine (q-PEI) - silver complex was used as a coating 
to control biofilm growth on glass (Dai and Bruening, 2002). These silver 
nanoparticles-containing films have been shown to have catalytic properties as well as 
antibacterial effects. The PAA/q-PEI multilayers were also applied as a coating on 
stainless steel (Shi, et al., 2006). X-ray photoelectron spectroscopy (XPS) and contact 
angle measurement have shown that the PAA/q-PEI multilayers can be successfully 
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built-up on stainless steel surface. Moreover, the functionalized films on the stainless 
steel inhibited the growth of Escherichia coli, a gram-negative bacterium, and 
Staphylococcus aureus, a gram-positive bacterium, on the surface. It was suggested 
that the PAA/q-PEI multilayer is an attractive coating for imparting antibacterial 
properties to stainless steel and thus shows potential for biomedical and 
environmental applications. 
From the brief review given, it is evident that polyelectrolyte multilayer is a 
promising coating and can be stably developed. However, this LBL technique is 
usually limited to biomedical application. One potential area for application is the 
control of marine biocorrosion of metal alloys. However, the application of 
polyelectrolyte multilayers (i.e. PAA/q-PEI multilayers) is limited. Particularly when 
they are exposed to the seawater, its stability in such high ionic strength environment 
and its antibacterial property to the marine microbiological species remain unknown. 
1.4.2 Organic Inhibitors 
Corrosion inhibitors are substances which decrease or prevent the reactions of 
the metals in the corrosive media when added at low concentrations to the aqueous 
media. Organic corrosion inhibitors are generally more environmentally friendly than 
inorganic ones. Heterocyclic compounds, a class of organic inhibitor, are widely used 
for preventing corrosion of different metallic materials, such as mild steel, carbon 
steel, and copper. The heterocyclic inhibitors adsorb on metal surfaces through 
heteroatoms such as nitrogen, oxygen, sulfur, phosphorus, multiple bonds or through 
aromatic rings, and block the active sites on the metal surface in order to decrease the 
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corrosion rate (Agrwal and Namboodhiri, 1992). The effectiveness of heterocyclic 
molecules as corrosion inhibitor is based on their chelating action and the formation 
of an insoluble physical diffusion barrier on the electrode surface, thus preventing 
metal reaction and dissolution (Popova and Yates, 1997). The corrosion inhibiting 
properties of these compounds are empirically attributed to their molecular structure. 
Moreover, the planarity of the molecules (π-bonds) and the delocalized electron pair 
present on the heteroatoms, are the salient structural features that determine the 
adsorption of these molecules onto metal surfaces (Quraishi and Sharma, 2002).  
Evans (1975) has discussed the influence of substitution on the protective effect 
of heterocyclic compounds. Many inhibitors contain S or N atoms in the heterocyclic 
ring. It is believed that the inhibiting molecules are attached to the metal through the S 
or N atoms by changing the electron density in the metal at the point of attachment. 
This results in the retardation of cathodic or anodic reaction since electrons are 
consumed at the cathode and furnished at the anode.  
Nitrogen-containing heterocyclic substances, such as azole-type compounds 
have been reported to be effective corrosion inhibitors (Bentiss et al., 2004; Azhar et 
al., 2001; Zhang et al., 2004; Tan et al., 2004; Morales-Gil et al., 2004). The diffusion 
barrier is readily formed by nitrogen-containing heterocyclic molecules due to the 
strong π–interaction between the aromatic rings. The effectiveness of numerous 
organic azole-type compounds (e.g., 2-mercapto-benzimidazole (MBI), imidazole 
(IMD), benzimidazole (BIA), and pyrazole) has been reported (Zhang et al., 2004; 
Tan et al., 2004; Morales-Gil et al. 2004; Geler and Azambuja, 2000). 
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To control MIC, the traditional strategy is the application of biocides to kill the 
microorganisms in the aqueous environment. However, it is now recognized that the 
effectiveness of biocides is much lower when bacteria are incorporated into a biofilm 
than when they are suspended. The exopolymeric matrix constitutes a diffusion 
barrier that hinders biocide penetration into the biofilm (Boulangé and Petermann, 
1996; O’Toole et al, 2000; Boyd and Chakrabarty, 1995; Allison, 2003). Indeed, 
recent research has shown that MIC control is more successfully accomplished using 
a corrosion inhibitor (Batista et al., 2000; Ramesh and Raheswari, 2005).  
2-mercapto-benzimidazole (MBI) has to been shown to possess good inhibition 
characteristics against steel and copper corrosion (Zhang et al., 2004; Morales-Gil et 
al., 2004). Substituent groups which enhance the electron-donating or 
electron-withdrawing properties of the active nitrogen atom on the heterocyclic ring, 
would strengthen or weaken the interaction with the metal surface (Tan et al., 2006). 
It has been shown that the presence of the mercapto group in 
2-mercapto-benzimidazole enhanced corrosion inhibition, as compared to 
benzimidazole. Thus the inhibition mechanism is likely to be related to the substituent 
group in benzimidazole (Morales-Gil et al., 2004). In the present study, a new organic 
compound, 2-Methyl-benzimidazole (MBI), which substitutes the mercapto group in 
2-mercapto-benzimidazole with an electron-donating methyl group (Figure 1.1), was 
investigated for its inhibitive effect on both abiotic corrosion and MIC induced by two 
strains of SRB.  
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Figure 1.1 Structure of 2-Methyl-benzimidazole (MBI) 
 
 
As can be concluded from above, substantial research had been done on the 
biocorrosion of metals induced by SRB, but, understanding of the biocorrosion 
mechanisms is far from complete, and in particular, there is considerable margin in 
the study of SRB biofilm interactions with metals in the seawater. Although the 
concept that SRB can directly react with metal was proposed and the fact that SRB 
can grow with iron as the only electron donor was observed, no evidence has been 
given that metal corrosion is directly related to SRB. Moreover, most studies focus on 
the biocorrosion effect, paying little regard to the process of bacterial biofilm 
formation (especially SRB) onto metal surfaces. Although the usual technique to 
control biocorrosion is the application of biocides, the efficiency of the biocides is 
dramatically reduced by the diffusion resistance in the biofilm. The newly developed 
layer-by-layer coating, which is stable in solutions and effective for bacteria inhibition, 
has never been tested for the control of biocorrosion. Thus a test of the new 
layer-by-layer coating is desirable to reveal the biocide and anti-biocorrosion 
efficiency of the coating. 
 
 
Chapter 1  Introduction  
21 
1.5 Objectives and Scope of This Work 
The aims of this thesis are to examine the role of microorganisms in biofilm 
formation and its induced corrosion of metals, and to investigate in depth the impact 
of biofilm formation and the mechanisms of biocorrosion (in particular modeling the 
metal/biofilm/bulk fluid interface. The specific objectives of are:  
i. To isolate and identify a strain of SRB from local seawater, and 
characterize the morphological, physiological, and phylogenetic 
properties. 
ii. To investigate the driving force of the initial biofilm formation on metals 
in seawater. The interactions of different metal-bacterial cells are to be 
examined. The influence of environmental parameters, i.e. ion strength, pH, 
and the presence of nutrient, on the metal-bacteria interaction will be 
investigated. The cell-cell interaction is also studied to shed light on the 
biofilm maturation. 
iii. To investigate the corrosion behavior of SRB on SS316 using atomic force 
microscopy (AFM) to observe the biofilm and pits formation on the metal 
surface, and coupled with electrochemical impedance spectroscopy (EIS) 
to measure the corrosion resistance of SS316. 
iv. To build equivalent circuit models to simulate the metal/biofilm/bulk fluid 
interface for better understanding of the corrosion mechanisms. 
v. To apply a layer-by-layer coating on the SS316. The effect of the coating 
on the decrease in biofilm roughness and biocorrosion current will be 
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examined. The biocidal effect of the coating on the bacteria will also be 
evaluated. 
vi. To apply an organic corrosion inhibitor to control the biocorrosion induced 
by SRB. The effect of inhibitor on the biocorrosion control will be 
investigated by examining both the reduction of biofilm formation and 
corrosion current.  
Since SRB are key microorganisms in anaerobic corrosion of iron and steel, two 
strains of SRB (i.e. Desulfovibrio desulfuricans and D. singaporenus, a local marine 
strain) are selected in this research. Besides these two SRB, an aerobic bacterium 
(Pseudomonas sp.) is also used in the biofilm study. The biocorrosion experiments 
will be focused on SS316, which is widely used in the industrial equipment, such as 
heat exchangers, reactors, distillation columns, storage tanks, pipes, valves etc. 
This work would provide further insight into the metal-cell interaction during 
the biofilm formation process. The influence of the environmental conditions such as 
pH, ionic strength of solution, the presence of nutrients, as well as the bacteria and 
metal surface properties (i.e. the surface charges and wettability) will be examined, 
and it would be helpful to understand the initial bacteria-metal interaction forces in 
Nano-Newton range which are crucial for the biofilm formation. Furthermore, the 
possible corrosion mechanisms of local SRB will be proposed. The modeling of the 
metal/biofilm/solution interface using the electrochemical impedance spectroscopy 
would provide a better understanding of the relationship between SRB and the metal 
corrosion. In addition, the use of layer-by-layer coating and organic inhibitors for 
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controlling biofilm and biocorrosion would be evaluated for potential application in 
biocorrosion prevention techniques.  
In the next chapter, detailed information on the culture of microorganisms and 
experimental procedure on the biofilm study and biocorrosion quantification test will 
be presented.  
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CHAPTER 2 MATERIALS AND METHODS 
2.1 Metal Coupons 
Four types of metal coupons widely used in industry are selected: stainless steel 
AISI 316, mild steel, aluminum 1100, and copper (purity > 99.9%). Metal coupons of 
diameter 12 mm were polished using a Kemet 320 manual polishing machine, and 
liquid diamond of the size 6 µm, 3 µm and 0.5 µm successively on a polishing cloth 
purchased from Kemet International Ltd. The polished coupons were subsequently 
cleaned with a 70% ethanol solution and dried under N2 flow before use. The stainless 
steel AISI 316 (SS316) is composed of C (0.08% max), Mn (2% max), Si (1% max), 
P (0.045% max), S (0.03% max), Ni (10-14%), Cr (16-18%), and Mo (2-3%). Mild 
steel is composed of C (0.16%), Si (0.37%), Mn (1.24%), P (0.027%), S (0.026%), Cu 
(0.19%), N (0.007%), Al (0.02%), and Fe (97.96%). 
 
2.2 Microorganisms 
The sulphate–reducing bacterium (SRB) used in this study, Desulfovibrio 
desulfuricans ATCC 27774 (Desulfovibrio desulfuricans subsp. desulfuricans), was 
obtained from the American Type Culture Collection (ATCC), USA. The bacterium 
was cultured at 37 oC under anaerobic conditions in an anaerobic chamber (model 
MASC MG500 from Chokim Scientific Pte Ltd, containing 10% H2, 10% CO2, and 
80% N2) in Modified Baar’s medium (g/L): MgSO4 2.0; Sodium citrate 5.0; CaSO4 
1.0; NH4Cl 1.0; K2HPO4 0.5; Sodium lactate 3.5; Yeast extract 1.0; Fe(NH4)2(SO4)2  
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1.0.   
In order to investigate microbiologically influenced corrosion (MIC) of SS316 
in a marine environment, an SRB strain was picked up from the biofilm which has 
developed on a SS316 coupon immersed in seawater near St. John’s Island, Singapore 
for 25 days. The microbes were cultured anaerobically (10% hydrogen, 10% carbon 
dioxide and 80% nitrogen) at 37 oC. The isolation was first carried out in marine 
Postgate medium B, and then purified on solid marine Postgate medium E (Postgate, 
1984). The purity of the isolate was examined for both aerobic and anaerobic 
contaminants on spread plates with solid nutrient agar following the procedure of 
Postgate (1984). Cells were regularly transferred to a fresh medium to maintain 
viability. 
Pseudomonas sp. NCIMB 2021 (from NCIMB UK), a marine Gram-negative 
bacterium, was cultured aerobically at 27 oC in Marine Broth 2216 (g/l): peptone 5.0; 
yeast extract 1.0; ferric citrate 0.1; sodium chloride 19.45; magnesium chloride 5.9; 
sodium sulphate 3.24; calcium chloride 1.8; potassium chloride 0.55; sodium 
bicarbonate 0.16; potassium bromide 0.08; strontium chloride 0.034; boric acid 0.022; 
sodium silicate 0.004; sodium fluoride 0.0024; ammonium nitrate 0.0016; and 
di-sodium phosphate 0.008.  
 
2.3 Isolation and Identification of Strain SJI1 
2.3.1 Morphological Characterization 
An Olympus light microscope (Model CX40RF200, Olympus optical Co LTD, 
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Japan) was employed to visualize the cell shape and motility, and to determine the cell 
membrane nature after the Gram reaction. 
A 14-day-old biofilm attached to SS316 in EASW was visualized by utilizing a 
scanning electron microscopy (SEM) (Jeol JSM-5600 with the beam voltage at 15kV) 
to study the cell morphology. The samples were prepared using the following 
procedure: cells were fixed with 3% glutaraldehyde in a phosphate buffer solution 
(PBS, pH 7.3-7.4) for more than 4 hours, then washed with PBS for two changes (5 
minutes each), rinsed with distilled water for two changes (5 minutes each), 
dehydrated with 20%, 50%, 75%, 95% and 100% ethanol for 10 minutes, respectively, 
and finally stored in a desiccator. 
In order to study the presence of cell surface appendages, atomic force 
microscopy (AFM) was employed. A stainless steel coupon attached with the biofilm 
was washed with sterile distilled water, and dried in a desiccator over night. A 
Nanoscope III AFM (Digital Instruments) in the tapping mode was used to image the 
biofilm. Nanoprobe silicon nitride (Si3N4) cantilevers with a spring constant of k=0.06 
N/m were obtained from Digital Instruments (Veeco Instruments Inc.). 
2.3.2 Physiological Studies 
The isolate was cultivated in marine Postgate medium B, except that the sodium 
lactate was replaced with acetate, pyruvate, propionate, hydrogen, methanol, ethanol, 
butanol, propanol, glycerol, succinate, malate, formate, fructose, glucose, arginine, or 
cysteine as an electron donor at a concentration of 20 mM, respectively. Blackening 
of the media in three successive subcultures was considered a positive indication of an 
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electron donor (Feio et al., 1998). The occurrence of fermentation was tested using the 
above chemicals without adding electron acceptors (Tardy-Jacquenod et al., 1996; 
Ouattara et al., 1999). Sulphate (10 mM), sulfite (10 mM), thiosulfate (10 mM), 
elemental sulfur (2% w/v), and nitrate (10 mM) were tested as terminal electron 
acceptors. The concentration of electron donors after incubation for two weeks were 
measured by an Agilent 1100 high performance liquid chromatography (HPLC) with 
HPLC organic acid analysis column (Aminex HPX-87H ion exclusion column) and a 
UV detector (at the wavelength of 210 nm). The sulphate concentration is determined 
by adding Sulfa Ver 4 reagent Powder in the liquid sample and measuring UV 
absorbance at 450 nm. 
The disproportionation of thiosulfate, sulfite, and elemental sulfur was tested by 
using a basal synthetic medium that lacked sulphate and organic energy sources. The 
basal medium was supplemented with either thiosulfate, sulfite, or elemental sulfur as 
the energy source. After incubation, the disproportionation was tested by detecting the 
production of sulfide and sulphate using a UV spectrophotometer (Model UV-1601, 
UV-Visible spectrophotometer, Shimadzu) to measure the optical density (OD) 
(Magot et al., 1992).  
The growth conditions relating to the temperature, pH, and salinity that 
facilitated the growth of the isolate were determined using marine Postgate medium C 
(Postgate, 1984). The concentration of bacteria was measured by optical density at 
600 nm using a UV spectrophotometer.  
For desulfoviridin determination, cells were cultivated in the medium 
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containing sulphate as the electron acceptor. During the late exponential growth, cells 
were harvested, washed, and suspended in PBS. One drop of 2 M NaOH was added 
and the suspension was immediately inspected under ultraviolet light at 365 nm 
(Postgate, 1959). A red fluorescence due to the release of the chromophore of the 
pigment desulfoviridin was evidence for its presence in Desulfovibrio (Postgate, 
1959). Desulfovibrio desulfuricans ATCC 27774 was used as a positive control in the 
desulfoviridin test.  
2.3.3 16S rRNA Sequence Analysis 
Genomic DNA was extracted and purified by using DNeasy Tissue kit (Qiagen). 
16S rRNA genes were amplified by using universal primers: 8F 
(5’-AGAGTTTGATCCTGGCTCAG-3’) (He et al., 2003) and 1525R 
(5’-AAGGAGGTGATCCAGCCGCA-3’) (Beller et al., 1996), following the 
polymerase chain reaction (PCR) conditions: 70 s at 94 oC, 30 cycles of 30 s at 94 oC, 
45 s at 55 oC and 70 s at 72 oC, and a final extension step of 6 min at 72 oC. The PCR 
products were purified by using a QIAqucik PCR purification kit (Qiagen). The 
purified PCR fragments were checked by performing electrophoresis using an Agilent 
2100 Bioanalyzer, and were amplified with primers 8F, 533F, 1114F and 1392R for 
sequence analysis by using a CEQTM 8000 Genetic Analysis System. Sequence was 
aligned using the sequence alignment editor BioEdit. Sequence alignment was 
verified manually with reference sequences of various members of the genus 
Desulfovibrio from a Genbank database (Alazard et al., 2003).   
2.3.4 Phylogenetic Analysis 
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The aligned sequence was used to perform phylogenetic analysis using the 
PHYLIP 3.6 package. The phylogenetic tree was generated using DNADIST and a 
neighbor-joining option of NEIGHBOR formed from a part of the PHYLIP package 
(Felsenstein, 2006) based on the 16S rRNA gene sequence of the marine isolate and 
reference sequences. Bootstrap samples (100) were generated using SEQBOOT. The 
program CONSENSE from the PHYLIP program package was used to determine the 
number of times of each group in the final tree, which was monophyletic in the 
bootstrap analysis.  
2.3.5 Nucleotide Sequence Accession Number 
The nucleotide sequence of the 16S rRNA gene of strain SJI1 has been 
deposited in the Genbank database on 16th April, 2007 under accession number 
EF178280. 
 
2.4 Biofilm Formation 
2.4.1 Cell Immobilization 
A silicon nitride tip (purchased from Veeco Asia Pte Ltd) was immersed in a 
drop of 1% poly(ethyleneimine) (PEI) solution for 2.5 hours. Excess solution was 
decanted and the tips were rinsed in deionized water and stored at 4 oC, following the 
procedure of Razatos et al. (1998). 
The bacterial cells were harvested in the mid-exponential phase (108 cells/ml) by 
centrifugation at 8,000 xg for 15 minutes. They were washed in a phosphate buffer 
solution (PBS, pH 7.2) and then resuspended in a 3% vol/vol glutaraldehyde solution 
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for 2 hours at 4 oC. After fixing with glutaraldehyde, the cells were rinsed and 
resuspended in PBS. The cell suspension was incubated at 4 oC overnight.  
To immobilize the bacteria onto the cantilevers, a pellet of cells was manually 
transferred onto PEI-coated tips under a Leica micromanipulator. The pellet was 
further treated with an additional drop of 3% glutaraldehyde and the tips were 
incubated at 4 oC for 1-2 hours. The cantilevers were then rinsed in deionized water 
and air dried (Razatos et al., 2000).  Scanning electron microscope (SEM) analyses 
were performed on all tips coated with the bacteria after the AFM measurement.  
2.4.2 Zeta Potential (ζ) and Contact Angle Measurements 
Zeta potential was measured for cells that were harvested in the mid-exponential 
phase. Cells were washed and resuspended in artificial seawater. The Zeta potential of 
the cells was measured using a Zeta plus Zeta Potential Analyzer (Brookhaven 
Instruments Corporation, USA). Zeta potential of the metals was measured using an 
Electro Kinetic Analyzer with the software Anton Paar Visiolab for EKA version 
1.03. 
Contact angles of the metals were measured using distilled deionized water with 
a telescopic goniometer (Model 100-00-(230), Rame-Hart, Inc., USA).  
The bacterial cell lawn was prepared by filtering cells onto porous membranes 
(PTFE, Sartorius) with a pore size of 0.45 μm. The bacterial cells were compacted to 
a homogeneous lawn by a vacuum pump. The contact angles of the bacterial cell lawn 
were measured after exposing the cell lawn in air at room temperature for about 10 
minutes to evaporate excess water from the lawn. 
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2.4.3 Confocal Laser Scanning Microscopy (CLSM) 
The distribution and viability of bacteria adsorbed on the metal surface was 
investigated by staining with a combination dye (LIVE/DEAD Baclight bacteria 
viability kits, Molecular Probes, L13152). After immersion in the 108 cells/ml 
bacterial suspension at 27 oC for 1 day, the metal coupons were rinsed with sterile 
deionized water and stained using 50 µl of the combination dye and subsequently 
analyzed with an Olympus FluoView FV500 Confocal Laser Scanning Microscope 
(CLSM), using the software Olympus Fluoview Ver.1.3 viewer. The dye consists of 
propidium iodide (PI) and SYTO 9, which diffuse into the cells and fluoresce upon 
binding to the nucleic acids. SYTO 9 is membrane-permeable and therefore stains 
both viable and non-viable bacteria (i.e. green fluorescence), while PI has a higher 
affinity for nucleic acids (i.e. red fluorescence), but is excluded from viable cells by 
membrane pumps. Thus, viable cells appear green under the light microscope, while 
nonviable or membrane-compromised cells appear red. 
2.4.4 AFM Operation of Force Measurement 
A Nanoscope III AFM (Digital Instruments) in contact mode was used to 
measure the interaction forces. Nanoprobe silicon nitride (Si3N4) cantilevers (model 
NP-S20) for fluid AFM were purchased from Digital Instruments (Veeco Instruments 
Inc.). Experiments were conducted in a fluid cell filled with artificial seawater (with 
the components (g/l): NaCl 23.476; Na2SO4 3.917; NaHCO3 0.192; KCl 0.664; 
H3BO3 0.026; MgCl2·6H2O 10.610; SrCl2·6H2O 0.04; CaCl2 1.109). Force 
measurements were carried out by engaging AFM with the scan rate of 0.996 Hz and 
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scan size of 0 nm (i.e. a point measurement) to avoid the lateral force and to minimize 
any damage to the cell probe, and only vertical displacement is performed. For the 
force measurement, two parallel cell probes were used for each measurement. Force 
measurements were taken after each cell probe was immersed in a solution for at least 
5 minutes. Ten force measurements were made at each location, three locations were 
selected for the force measurement on each metal, and an average value was taken. 
Force curves (tip deflection (nm) versus piezo position (nm)) were obtained after the 
force measurement. The zero force was chosen where the deflection was independent 
of the piezo position. Tip deflection data were converted to force (in nano-Newtons) 
by multiplying by the spring constant of the cantilevers according to Hooke’s 
Law: spF k d= , where d  is the cantilever deflection and spk  is the cantilever spring 
constant. The manufacturer’s value for the spring constant of the cantilever is 0.12 
nN/nm. The spring constant of the cell probe is calibrated using the method of 
Burnham et al. (2003). The calibrated spring constant is 0.12 ± 0.02 nN/nm for all the 
cell tips. Each force curve is calculated from the calibrated spring constant of the 
coated tip that is used for the force measurement.  The representative force curves 
were plotted together by aligning the zero deflection and constant compliance 
portions of the curves (Razatos et al., 1998).  
 
2.5 Biofilm and Biocorrosion of Stainless Steel AISI 316 and Its Prevention 
2.5.1 Biofilm and Biocorrosion Experiment Setup 
For the biofilm and biocorrosion study, D. desulfuricans were first cultured in 
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the modified Baar’s medium and the marine isolate D. singaporenus was incubated in 
the marine Postgate medium B in a batch culture under an N2 atmosphere at 37 oC for 
two days.  10 ml of each of the culture were subsequently transferred into individual 
500 ml of sterilized EASW (EASW) medium (g/L): NaCl 23.476; Na2SO4 3.917; 
NaHCO3 0.192; KCl 0.664; KBr 0.096; H3BO3 0.026; MgCl2.6H2O 10.610; 
SrCl2.6H2O 0.040; CaCl2.2H2O 1.469; Sodium lactate 3.5; Yeast extract 1; Tri-sodium 
citrate 0.5; MgSO4.H2O 0.4; CaSO4 0.1; NH4Cl 0.1; K2HPO4 0.05; Fe(NH4)2 (SO4)2 
0.1.  After two days incubation, polished stainless steel AISI 316 coupons were hung 
in the medium with the bacteria in a Duran bottle (500 ml) for the biocorrosion 
experiments. This operation was carried out in the anaerobic chamber, and maintained 
with an atmosphere containing 10% H2, 10% CO2, and 80% N2.   
To test the inhibitor efficiency, MBI at a concentration of 0.1 to 2.5 mM was 
added to the EASW with active SRB.  
2.5.2 Scanning Electron Microscopy (SEM)  
In the SEM study, the biofilm attached on SS316 in EASW was visualized after 
preparation using the following procedure. Samples were fixed with 3% 
glutaraldehyde in a phosphate buffer solution (PBS, pH 7.3-7.4) for more than four 
hours, and then washed with PBS for two changes (5 minutes each), rinsed with 
distilled water for another two changes (again, 5 minutes each), and dehydrated with 
using an ethanol gradient (at 50%, 75%, 95% and 99% for 10 minutes) before being 
finally stored in a desiccator. A scanning electron microscope (Jeol JSM-5600) with 
the beam voltage at 15 kV was used to visualize the morphology of biofilm. 
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2.5.3 Atomic Force Microscopy (AFM)  
The stainless steel AISI 316 coupons on the 4th, 14th, 24th, 34th, and 44th days of 
immersion were collected from the medium for AFM analysis. In order to obtain 
biofilm images, the coupons were lightly rinsed in sterile distilled water, and then 
dried in the air. To reveal the extent of biocorrosion, the biofilm on the coupons was 
removed by immersing the coupons in an ultrasonic bath for 5 minutes followed by 
HNO3 solution (1 volume of 67% HNO3 + 3 volume of distilled water) for 2-5 
minutes. The surfaces of the exposed coupons were finally rinsed with distilled water, 
cleaned in 100% ethanol, and dried under an N2 flow (Xu et al., 2002).   
A Nanoscope III AFM (Digital Instruments, Santa Barbara, CA, USA) in contact 
mode was used to image the biofilm. Nanoprobe silicon nitride (Si3N4) cantilevers 
with a spring constant of k=0.06 N/m were obtained from Digital Instruments.  
2.5.4 Electrochemical Impedance Spectroscopy (EIS) 
EIS was used to investigate the electrochemical properties of the corroded 
surface after immersion in an EASW with D. desulfuricans and D. singaporenus over 
time. All experiments were performed in a three-electrode electrochemical cell, with a 
platinum electrode used as the counter electrode, and an Ag/AgCl electrode as the 
reference electrode. The EIS measurements (using duplicates coupons) were made 
ex-situ; the coupons collected from the EASW were served as the working electrode 
by embedding it in a sample holder of the corrosion cell, which was purchased from 
Metrohm Pte Ltd.  The working electrode had a working surface area of 0.785 cm2. 
An aliquot of 500 ml of the media was transferred into the magnetically stirred 
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electrochemical cell to serve as the electrolyte for EIS analysis. The test and analysis 
were operated using the Autolab Version 4.9 (Metrohm) software. The frequency 
range was 5 mHz – 100 kHz and the amplitude of the sinusoidal voltage signal was 10 
mV for the EIS measurement. The EIS results obtained were modeled and simulated 
using the EQUVRT software (Boukamp, 1986).  
2.5.5 X-ray Photoelectron Spectroscopy (XPS)  
The nature of the surface film was examined using a commercial X-ray 
photoelectron spectroscopy (XPS) system (Kratos Axis 165). The excitation source 
was Al Kα radiation (photoelectron energy=1486.71 eV). Binding energies for 
components of interest were referenced to the binding energy of C 1s at 284.6 eV. 
 
2.6 Preparation of Layer-By-Layer (LBL) Coating 
2.6.1 Polyelectrolyte Solutions 
Polyethylenimine (PEI) (Mw 750,000), poly(acrylic acid) (PAA) (Mw 250,000) 
and hexylbromide were obtained from Aldrich Chemical Company. Quaternized 
polyethylenimine (q-PEI) was derived in accordance with the method reported in 
literature (Thomas and Klibanov, 2002) (Figure 2.1).  The PEI (50% aqueous 
solution) was firstly lyophilized. Then 1 g of PEI was mixed with hexylbromide (in 
excess, 10 ml) in 20 ml of dry isopropanol and was heated at 70o for 4 hours. After the 
mixture was cooled, 928 g of NaOH was added and was heated again at 70o for 72 
hours. The solvent (dry isopropanol) and unreacted hexylbromide was removed via 
evaporation under reduced pressure. The residue was dissolved in ultra pure water and 
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was dialyzed using a dialysis membrane (Spectra/Por, Spectrum, Molecular Weight 
Cut Off (MWCO) at 10,000) for 4 days. The ultra pure water was replaced daily. 
Finally, the product was diluted to 500ml using ultra pure water. The final product 
concentration was approximately 2 mg/ml.  
The PAA obtained from the supplier was diluted to 2 mg/ ml.  
 
Figure 2.1 Derivatization of q-PEI 
 
2.6.2 Layer-by-layer (LBL) Technique 
The polyelectrolyte multilayers (PEM) were built up by sequentially dipping the 
metal substrate in q-PEI and PAA solutions, and allowing alternate layers to form due 
to attraction by electrostatic forces. 
Polyelectrolyte multi-layers (PEM) were built on the bare substrates via a dip 
technique at room temperature. The pH of the q-PEI was first adjusted to 7.0 with 0.1 
M HNO3. The substrates were first dipped into an aqueous solution of PEI for 15 
minutes, rinsed with ultra pure water for 1 minute and blown dry with nitrogen gas. 
After the deposition of the first PEI layer, cyclic repetition of the following 2 steps 
would build the PEM (Figure 2.2):  
(1) Dip the substrates into the aqueous solution of PAA for 15 minutes, rinse with 
ultra pure water for 1 minute before drying with nitrogen. 
(2) Dip the substrates into the aqueous solution of q-PEI for 15 minutes, rinse with 
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ultra pure water for 1 minute before drying with nitrogen. 
Hence, 5 bilayers of PAA/ q-PEI were built up. To ensure that the layers were 
successfully deposited, contact angle measurements of several samples were taken for 
every layer. The functionalized coupons underwent vacuum heating for 3 hours to 
promote amide formation between PAA and q-PEI layers, i.e. cross linking. 
 
Figure 2.2 Layer-by-layer (LBL) coating of q-PEI and PAA multilayer on polished SS316 
 
2.6.3 Stability of the PEM on Functionalized SS316 
Stability of PEM on functionalized SS316 substrates was conducted by 
immersing the functionalized substrates in EASW for 6 hours. The characterization of 
the functionalized surfaces after different periods of immersion was examined using 
contact angle measurements.  Contact angles of the multilayers were measured 
using a telescopic goniometer (Rame-Hart, model 100-00 (230)) and a Gilmont 
syringe with a flat-tipped needle. The goniometer had a magnification of x23 and was 
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equipped with a protractor of 1o graduation.  The measurements were taken at room 
temperature (25 oC) and 60% humidity via the sessile drop method and 3 μL 
deionized water droplets were used.  
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CHAPTER 3  ISOLATION, CHARACTERIZATION AND 
IDENTIFICATION OF A MARINE SULPHATE REDUCING 
BACTERIA 
In this chapter, a sulphate reducing bacteria was isolated from local seawater, 
characterized and identified. The cell morphology of the isolate was visualized using 
AFM and SEM. Physiological properties of the isolate, such as the utilization of 
electron donors and electron acceptors, its fermentation and disproportion ability, as 
well as the pH, salinity and temperature ranges for the culture growth, were studied. 
Finally, phylogenetic analysis of the isolate was investigated using 16S rRNA gene 
sequence. 
 
3.1 Cell Morphology 
Strain SJI1, designated Desulfovibrio singaporenus, isolated from the seawater, 
is an obligate anaerobe. Light microscope observations showed uniform cell 
morphology of strain SJI1, which is a rod, is curved-shaped, and motile. The pink 
color after Gram staining discloses that strain SJI1 is Gram-negative. SEM images 
also reconfirmed that the bacterium is curved-shape, 1-2 µm long and with an average 
width of 0.5 µm (Figure 3.1 a and b). A single polar flagellum (indicated by an arrow) 
was observed using SEM and AFM phase images (Figure 3.1 a and c), revealing the 
motility of the organism. Colonies cultured on the solid medium (i.e., marine Postgate 
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Figure 3.1 Images of strain SJI1 on a SS316 coupon: (a) a single cell (x10,000); (b) cells growing on 
SS316 (x5,000); (c) an AFM phase image of an individual cell with a single polar flagellum (scale 4 
μm × 4 μm). 
 
3.2 Growth of Desulfovibrio singaporenus Strain SJI1 on Lactate and Acetate 
The growth curve of strain SJI1 (Figure 3.2 a) in the marine Postgate medium B 
was obtained using the most probable number (MPN) method (with lactate as the 
electron donor and sulphate as the electron acceptor). The cell density (cells/ml) of 
strain SJI1 in the medium reached seven orders of magnitude after culturing for 48 
hours, and attained the highest value (100 times more compared to the initial 
inoculum) at the 72nd hour.  Sulphate was consumed rapidly and decreased from 
(a) (b) 
(c) 
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15.35 mM to 0.2 mM during the cultivation (Figure 3.2 a).  
HPLC analysis of the lactate and acetate concentrations (Figure 3.2 b) during 
the cultivation revealed that lactate was completely oxidized to acetate and CO2 
(detected by gas chromatography) with pyruvate as the intermediate product. Lactate 
was consumed quickly during the 18 and 39 hours of cultivation which indicates the 
exponential growth of the isolate, and was completely converted to acetate after 88 
hours cultivation. After 156 hours, sulphate was completely reduced, and 15 mM 
Na2SO4 was added in the medium. It is noteworthy that acetate continued to be 
oxidized as the electron donor with the consumption of sulphate as the electron 
acceptor. Acetate was oxidized to carbon dioxide, and no hydrogen gas and methane 
were detected. Continuous cultivation showed that the concentration of acetate 
decreased slowly. Between 156 and 207 hours, acetate concentration decreased from 
33.6 mM to 30.5 mM, and was accompanied by a slight decrease in sulphate and the 
production of a small quantity of pyruvate. These results indicate that strain SJI1 was 
able to couple the incomplete oxidation of acetate with the reduction of sulphate.  
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Figure 3.2 (a) Time course of the growth of strain SJI1 showing increase in cell density (♦) and 
decrease in sulphate concentration (►); (b) The consumption of lactate (▲) and the production of 
acetate (●) and pyruvate (■) accompanying bacterial growth. Error bars indicate standard deviation, 
which are not shown when they are smaller than the symbol. 
 
Lactate is oxidized by strain SJI1 to acetate via pyruvate during sulphate 
reduction. Such intermediate production of pyruvate was also reported by Postgate 
(Postgate, 1984). It is important to note that the oxidization of lactate to acetate by 
strain SJI1 is complete. Most isolates belonging to the Desulfovibrio genus, such as 
Desulfovibrio gabonesis (Tardy-Jacquenod et al., 1996), Desulfovibrio indonesis 
(Feio et al., 1998), Desulfovibrio dechloracetivorans (Sun et al, 2000), Desulfovibrio 
mexicanus (Hernandez-Eugenio et al., 2000), Desulfovibrio magneticus (Sakaguchi et 
al., 2002), Desulfovibrio hydrothermalis (Alazard et al., 2003), Desulfovibrio 
oxamicus (López-Cortés et al., 2006), and Desulfovibrio bizertensis (Haouari et al., 
2006), have been reported to show incomplete oxidization of lactate. To the best of 
our knowledge, no SRB species with the ability to completely oxidize lactate to 
acetate has been reported.  
(b) 
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Interestingly, strain SJI1 is able to use acetate as the electron donor. Few 
sulphate-reducing bacteria, such as Desulfotomaculum acetoxidans (Postgate, 1984), 
Desulfuromonas acetoxidans (Postgate, 1984), Desulfuromonas sp. strain BB1 
(Löffler et al., 2000), Desulfurmonas chloroethenica (Löffler et al., 2000), and 
Desulfovibrio dechloracetivorans (Sun et al., 2000), have been reported to be able to 
use acetate as an electron donor. However, Desulfotomaculum acetoxidans does not 
use lactate and pyruvate, and cannot use the Postgate medium, while Desulfuromonas 
acetoxidans only reduces elemental sulfur, but not sulphate or sulfite to sulfide with 
the oxidization of acetate (Postgate, 1984). Desulfuromonas sp. strain BB1 and 
Desulfurmonas chloroethenica can use acetate as the electron donor, but not hydrogen 
(Löffler et al., 2000). Desulfovibrio dechloracetivorans is the only member of the 
Desulfovibrio group that is capable of oxidizing acetate (Sun et al., 2000), however, it 
oxidizes acetate with 2-chlorophenol as the sole electron acceptor. Acetate cannot be 
oxidized by Desulfovibrio dechloracetivorans with any inorganic compounds (such as 
sulphate) as electron acceptors (Sun et al., 2000). To our knowledge, strain SJI1 is the 
first member of the Desulfovibrio group that is capable of oxidizing acetate with 
sulphate as the electron acceptor. 
Acetate supported the growth of strain SJI1 with sulphate as the respiratory 
electron acceptor, producing CO2. The acetate consumed was proportional to the 
amount of sulphate removed (with a ratio of 1:1). Based on the data an equation of 
acetate oxidation for strain SJI1 is proposed as follow:  
CH3COO- + SO42-     H2O + CO2 + HCO3- + S2- 
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It is noticed that a small quantity of pyruvate was detected during the acetate 
oxidation, from which it is speculated that the acetate oxidation with sulphate may 
proceed via the citric acid cycle with the synthesis of pyruvate from acetyl CoA and 
CO2 as an anaplerotic reaction (Thauer, 1982). 
Obviously, the ability of strain SJI1 to utilize acetate (which is an 
environmentally common compound) and reduce sulphate makes it easy to survive in 
the natural environment. The consumption of the atomic or cathodic hydrogen 
accumulated at the cathode by a hydrogenase enzyme and the production of sulfide by 
strain SJI1 lead to the depolarization of the cathode and the corrosion of stainless steel 
facilities in seawater, suggesting the important roles this isolate plays in marine 
biocorrosion. Understanding the mechanism of this isolate would be helpful to reduce 
the adverse effects of biocorrosion and develop strategies to mitigate the corrosion 
problem. 
 
3.3 Physiological Properties 
The ranges of temperature, pH, and salinity that facilitated the growth of strain 
SJI1 were also determined. The cells density was determined by measuring the optical 
density at 600 nm using a UV spectrophotometer. Strain SJI1 attained a concentration 
of 107 cells/ml at a pH between 5 and 10. The growth was inhibited below pH 5, or 
higher than pH 10, and the optimum pH at 7. Strain SJI1 grew well at a salinity 
between 1% and 7.5%, with an optimum salinity of 2.5%, while both low and high 
salinity (>7.5% or <1%) inhibited its growth. The temperature range for the bacterial 
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growth was narrow (i.e., 15 oC to 40 oC), and the highest culture density was achieved 
at 37 oC. NaCl was required for its growth, indicating that strain SJI1 is a halophile, 
resembling some other halophilic Desulfovibrio strains, such as Desulfovibrio 
salexigens (Postgate and Campbell, 1966), Desulfovibrio halophilus (Caumette et al., 
1991), Desulfovibrio gabonesis  (Tardy-Jacquenod et al., 1996), Desulfovibrio 
profundus (Bale et al., 1997), Desulfovibrio oxyclinae (Krekeler et al., 1997), 
Desulfovibrio senezii (Tsu et al., 1998), Desulfovibrio dechloracetivorans (Sun et al., 
2000), and Desulfovibrio bizertensis (Haouari et al., 2006). The salinity, temperature, 
and pH ranges facilitating bacterial growth showed that strain SJI1 is typical of a 
moderately halophilic, mesophilic sulphate-reducing bacterium.  
Strain SJI1 is able to use a wide range of organic compounds as electron donors. 
It can reduce sulphate to sulfide using acetate, lactate, propionate, hydrogen, methanol, 
ethanol, butanol, propanol, glycerol, succinate, malate, formate, formate, fructose, and 
cysteine as the electron donor source (Table 3.1). In addition to lactate, other electron 
donors such as pyruvate, succinate, malate, or cysteine were completely oxidized to 
acetate and carbon dioxide by strain SJI1 (Table 3.1), while acetate, propionate, 
formate, methanol, ethanol, propanol, glycerol, fructose, or glucose was partially used 
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Table 3.1 Utilization of organic compounds in the presence of sulphate and fermentation of carbon 
source in the absence of electron acceptor for strain SJI1. 
electron donor fermentation Chemical 
as electron donor metabolic product(s) ferment ability ferment product(s) 
lactate complete acetate, CO2 - - 
acetate partial CO2 - - 
pyruvate complete acetate, CO2 partial acetate 
succinate complete acetate, CO2 - - 
malate complete acetate, CO2 - - 
propionate partial CO2 partial CO2 
formate partial CO2 - - 
methanol partial CO2 - - 
ethanol partial acetate, CO2 - - 
propanol partial CO2 - - 
glycerol partial acetate, CO2 - - 
fructose partial CO2 - - 
glucose partial fructose, CO2 - - 
cysteine complete acetate, CO2 partial pyruvate 
 
Strain SJI1 was further characterized with respect to its ability to grow with 
different electron acceptors. Sulphate, sulfite, or thiosulfate can serve as the electron 
acceptor in the presence of lactate. However, elemental sulfur can only be used 
marginally. This isolate cannot reduce nitrate. Strain SJI1 grows solely with pyruvate, 
cysteine, or propionate. It was able to partially ferment pyruvate to acetate, cysteine to 
pyruvate, and propionate to carbon dioxide. In the absence of the electron donor, 
strain SJI1 disproportionated sulfite and elemental sulfur to sulphate and sulfide.  
The appearance of an absorbance peak at 365 nm after adding sodium 
hydroxide in the washed cells indicates the presence of desulfoviridin - the 
dissimilatory sulfite reductase. The presence of desulfoviridin and the ability to use 
lactate and ethanol strongly suggest that strain SJI1 is affiliated with the genus 
Desulfovibrio (Tardy-Jacquenod et al., 1996). Vitamins were not required for the 
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growth of strain SJI1. 
 
3.4 16S rRNA Gene Sequence and Phylogenetic Analysis 
A total of 1502 bases of the 16S rRNA gene sequence of strain SJI1 (accession 
number EF178280) (Figure 3.3) were determined.  According to the sequence data, 
strain SJI1 belongs to the genus Desulfovibrio. The closest relative is Desulfovibrio 
bizertensis strain MB3 (accession number DQ422859) (a level of similarity, 99%). 
The 16S rRNA sequence of strain SJI1 also exhibited a similarity of 94% and 92% to 
Desulfovibrio senezii (accession number AF050100) and Desulfovibrio ferrophilus 
(accession number AY274449), respectively (Figure 3.4). A dendrogram generated by 
the neighbor-joining method describing these relationships is shown in Figure 3.4.  
Based on the 16S rRNA gene sequence, strain SJI1 is clearly a member of the 
genus Desulfovibrio, as it has a close similarity to Desulfovibrio bizertensis and 
Desulfovibrio senezii. Besides the high phylogenic similarity based on 16S rRNA 
gene sequence, strain SJI1 and Desulfovibrio bizertensis strain MB3 also share certain 
physiological characteristics, e.g., both reduce sulfite and thiosulfate to sulfide, and 
use common classical energy substrates, such as lactate, pyruvate, ethanol, butanol, 
propanol, succinate, and malate (Table 3.2). Moreover, both strains ferment pyruvate 
to acetate. Nevertheless, significant differences exist between both strains. Strain SJI1 
differs from Desulfovibrio bizertensis with its smaller size (0.5 x 1-2 µm versus 0.5 x 
2-3 µm), and its ability to oxide acetate and cysteine. Strain SJI1 is also able to 
completely oxidize lactate to acetate, while lactate oxidization by Desulfovibrio 
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bizertensis is incomplete. Thus, phylogenically, morphologically and physiologically, 
strain SJI1 is different from Desulfovibrio bizertensis. Therefore, the description of 
strain SJI1 is proposed as a novel species: Desulfovibrio singaporenus sp. nov.  
 
Figure 3.3 Nucleotide sequence of the 16S rRNA gene of strain SJI1 (deposited in the Genbank 
database on 16th April 2007 under accession number EF178280). 
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Figure 3.4 A phylogenetic tree based on 16S rRNA gene sequences showing the position of strain SJI1 
within the genus Desulfovibrio and in relation to other sulphate-reducing bacteria. The tree was 

























Chapter 3 Isolation, Characterization and Identification of A Marine Sulphate Reducing Bacteria 
50 
 
Table 3.2 Comparison of strain SJI1 and other closely related Desulfovibrio species. 








Morphology Rod, curved vibrio Rods, curved, 
spiral-shaped  
Cell size (μm) 0.5 x 1-2 0.5 x 2-3 0.3 x 1-1.3 
flagellum Single polar ND Single polar 
Salinity range (g/l) 10-75 5-50 0-125 
Salinity optimum (g/l) 25 20 25 
Temperature range (oC) 15-45 15-45 25-45 
Temperature optimum (oC) 37 40 37 
pH range 5-10 6-8.1 6.4-8.3 
pH optimum 7 7 7.6 
Electron donors:    
lactate + + + 
acetate + – – 
pyruvate + + + 
propionate + – – 
methanol + – – 
ethanol + + – 
butanol + + ND 
propanol + + – 
glycerol + ND – 
Succinate + + – 
malate + + – 
formate + ND – 
fructose + – – 
glucose + – – 
cysteine + – + 
Fermentation of:    
pyruvate + + – 
Electron acceptors:    
sulfite + + + 
thiosulfate + + + 
elemental sulfur (+) + – 
nitrate – – – 
Notes: +, utilized; (+), slightly used; -, not utilized; ND, not determined. 
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3.5 Summary  
Description of Desulfovibrio singaporenus sp. nov. 
The marine isolate, designated Desulfovibrio singaporenus strain SJI1, was 
isolated from seawater near St. John’s Island, Singapore. Cells were rod, 
curved-shaped, 0.5 x 1-2 μm in size, motile with a single polar flagellum, and 
Gram-negative. No vitamins were required for their growth. Acetate, lactate, pyruvate, 
propionate, hydrogen, methanol, ethanol, butanol, propanol, glycerol, succinate, 
malate, formate, fructose, glucose, or cysteine can be used as an electron donor with 
sulphate reduction. Sulphate, sulfite, thiosulfate, or elemental sulfur served as the 
electron acceptor, but not nitrate. Pyruvate, cysteine and propionate were fermented, 
and sulfite and elemental sulfur were disproportioned. Lactate was completely 
oxidized to acetate and CO2, while acetate was partially oxidized. The optimal NaCl 
concentration for growth was 25 g/l, and the salinity range for growth was 10-75 g/l. 
The optimal growth temperature was 37 oC, and the temperature range for growth was 
15-45 oC. The optimal pH was 7, and the pH growth range was 5-10. 
Desulfoviridin-type reductase was present.  
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CHAPTER 4  BIOFILM FORMATION AND FORCE 
MEASUREMENT 
This chapter was divided into two parts. Part one investigated the adhesion of 
three bacteria to several metal surfaces which was directly quantified using AFM 
force spectroscopy in the fluid. Factors which influence the bacterial-metal 
interactions (i.e. surface charge and wettability, ionic strength and pH of the solutions) 
were discussed. Finally, the adhesion forces between bacterial cells were measured in 
order to investigate the cell-cell interaction. In part two, AFM force spectroscopy in 
the air was used for an ex-situ study of a naturally developed biofilm by two SRB. 
The interactions between tip and various components of biofilm were examined and 
compared. 
 
4.1 Force Measurement in the Fluid 
4.1.1 Typical Force Curves 
 
Figure 4.1 A scanning electron microscope image of a silicon nitride tip coated with Pseudomonas 
sp. 
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Figure 4.1 shows a SEM image of a Pseudomonas sp. cell coated tip. Figure 4.2 
shows a typical AFM force-distance curve (Force (nN) versus piezo position (nm)) of 
the Pseudomonas sp. cell coated tip approaching the SS316. As expected, at large 
distances from the surface, no interaction between the cell and the metal was detected. 
As the tip approaches the metal surface, the surface biopolymers on the bacterial cell 
surface are retracted, which results in a steric repulsive force.  Once contacted, some 
of the surface polymers on the cell surface attach to the SS316 surface.  This gives 
rise to the adhesion peaks in the retraction curve, followed by some other small peaks 
due to the multiple unbinding events, which indicate the formation of strong specific 
interactions after initial contact. This is likely due to the stretching and fibrillation of 
biomolecules, such as lipopolysaccharides or flagella on the cell surface (Burnham et 
al., 2003). D. desulfuricans has a single polar flagellum (Postgate, 1984) and the 
genus Pseudomonas is a polarly-flagellated bacterium (Palleroni, 1978). AFM phase 
image (shown earlier in Figure 3.1 c) also shows the presence of flagella in the marine 
SRB isolate, D. singaporenus. Protein structures, such as flagella, are expected to 
interact through electrostatic or hydrogen bonding forces between charged amino acid 
residues and mineral surface charges, particularly in a high ionic strength solution 
(Lower et al., 2000). More than one single surface biopolymer is likely attached to the 
metal substrate simultaneously, which results in multiple bond breakages, as the cell 
moves away from the substrate. In fact, in many cases, the retraction curves of cell 
probes represent complex dynamics of adhesion, including bond breaking, 
intermolecular forces and extension of outer membrane biomolecules that form a 
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bridge between the bacterium and the substrate (Lower et al., 2001a). Finally, when 
the tip is detached from the steel surface, the interaction force returns to zero. Such a 
force curve profile is similar to the interaction curve between a bare tip and a cell 
lawn surface as reported by Abu-Lail and Camesano (Abu-Lail and Camesano, 2002).  
Similar force curve profiles were also observed with other metal substrates (e.g., mild 
steel, aluminum and copper) and other cell probes (e.g., D. desulfuricans and D. 
singaporenus) in our system.  


















Figure 4.2 A typical force-distance curve between a Pseudomonas sp. coated tip and SS316. 
 
The influence of the treatment of glutaraldehyde was examined by contact 
angle, zeta potential, and AFM force measurements.  The contact angles for 
Pseudomonas sp. on a cell lawn with and without glutaraldehyde treatment are 93 ± 
1o and 91 ± 2o, respectively. Zeta potential measurements show that the surface 
charge density of the cells is not affected by the glutaraldehyde treatment, as the zeta 
potential of cells before and after glutaraldehyde treatment are -34.07 ± 2.5 mV and 
-36.21 ± 3.9 mV, respectively. The AFM force measurements also showed that the 
treating of glutaraldehyde did not affect the adhesion forces (data not shown here). 
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Tests performed on D. desulfuricans and D. singaporenus, gave similar results. The 
above information confirms the integrity of using glutaraldehyde for AFM force 
measurements.  
 
4.1.2 Forces Between the Cell Tip and Different Metal Substrates 
Force measurements between the cell probe and four metal substrates (i.e. 
aluminum, mild steel, copper, and SS316) were performed at three different locations 
of each metal surface. The force curves for Pseudomonas sp., D. desulfuricans and D. 
singaporenus interacting with metal substrates are shown in Figure 4.3 to Figure 4.5, 
respectively. Upon approaching the metal surface, the attraction forces measured 
between all the three bacteria and the aluminum are significantly larger than that 
obtained from the other three metals (Figure 4.3 a, Figure 4.4 a, and Figure 4.5 a). 
This is caused by the electrostatic forces as the metal surfaces are positively charged 
in the artificial seawater (Table 4.1), whilst the bacterial cells under the physiological 
condition are negatively charged due to the presence of anionic surface groups, such 
as carboxyl and phosphate (Ahimou et al., 2002; James, 1991). Aluminum exhibits 
the highest zeta-potential, thus the highest attraction forces to bacterial cells. 
 
Table 4.1 Force quantification of bacteria in artificial seawater on various metals. 
 
 Aluminum SS316 Mild steel Copper 
Adhesion forces of Pseudomonas sp. (nN) 5.6 ± 0.8 2.2 ± 0.5 2.0 ± 0.4 0.5 ± 0.2 
Adhesion forces of D. desulfuricans (nN) 5.4 ± 0.6 3.5 ± 0.5 2.0 ± 0.4 1.5 ± 0.3 
Adhesion forces of D. singaporenus (nN) 4.8 ± 0.4 0.9 ± 0.4 0.8 ± 0.2 0.6 ± 0.2 
Contact angle of metals 87 ± 2 o 85 ± 1 o 62 ± 2 o 85 ± 1 o 
Zeta potential of metals 
(in artificial seawater) (mV) 
1754.0 ± 29.4 1364.4 ± 28.6 1320.0 ± 20.6 449.4 ± 19.3 
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For the bacteria-aluminum interaction, it is interesting to note that there is a 
sudden increase in the attraction forces as the cell approaches the substrate (Figure 4.3 
a, Figure 4.4 a, and Figure 4.5 a). This “snap-in” phenomenon occurs when the 
bacterial cells are at certain distance to the aluminum (with the piezo displacement of 
72 nm, 60 nm and 80 nm for Pseudomonas sp., D. desulfuricans and D. singaporenus, 
respectively). The distances at which the bacteria started interacting with aluminum 
(due to electrostatic forces) are generally larger than the other three metals. Similar 
observation of “snap-in” phenomenon has been reported for the interaction between a 
Bacillus mycoides spore and a hydrophobic-coated glass specimen (Bowen et al., 
2002).  
The adhesive forces that occur when the cell tip retracts from the different 
substrates are distinctly different (Figure 4.3 b, Figure 4.4 b, and Figure 4.5 b). The 
aluminum substrate exhibits the largest adhesion force amongst all the three bacteria 
(5.6 ± 0.8 nN, 5.4 ± 0.6 nN, and 4.8 ± 0.4 nN for Pseudomonas sp., D. desulfuricans 
and D. singaporenus, respectively), whereas the copper exhibits the lowest (0.5 ± 0.2 
nN, 1.5 ± 0.3 nN, and 0.6 ± 0.2 nN for Pseudomonas sp., D. desulfuricans and D. 
singaporenus, respectively). This is because aluminum has the highest zeta-potential 
while copper has the lowest. The bacterial cells in artificial seawater are negatively 
charged, and show the strongest electrostatic force with aluminum and the lowest 
adhesion force with copper. A thick and compact passive film is present on the 
aluminum substrate, resulting in less active free electrons and more positive charges 
under the experimental condition, which favors bacterial adhesion. As the surface of 
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bacterial cells is negatively charged, the repulsion force is reduced and the adhesion 
increased when the cell tip interacts with the aluminum surface.   
D. desulfuricans has much lower zeta-potential than Pseudomonas sp. and D. 
singaporenus (Table 4.2). Hence it is speculated that the adhesion forces between 
metals and D. desulfuricans should be much larger than that between the metal and 
other bacteria. However, the experimental results show that adhesion forces between 
metals (i.e. aluminum and mild steel) and D. desulfuricans are similar to that for 
Pseudomonas sp. Thus it may be argued that the electrostatic force is not the only 
governing factor that influences adhesion force. The bacterial surface wettability was 
examined. It is shown that the Pseudomonas sp. is much more hydrophobic (contact 
angle 91± 2o) than the D. desulfuricans and D. singaporenus (contact angle 29 ± 2o 
and 22 ± 1o, respectively) (Table 4.2). It is therefore concluded that the bacteria 
surface with higher wettability exhibits lower bacterial adhesion.  
Although the surface charge of SS316 and mild steel are similar in value, the 
former shows larger adhesion force than the latter to D. desulfuricans (Figure 4.4 b). 
This may be explained by the hydrophobic interactions, as the surface of the stainless 
steel (contact angle 85 ± 1o) are more hydrophobic than the mild steel (contact angle 
62 ± 2o) (Table 4.1). It appears that increasing the substrate hydrophobicity would 
result in a stronger cell adhesion. However, the most hydrophilic surface (mild steel, 
Table 4.1) does not exhibit the lowest adhesion force, which suggests that the 
bacterial adhesion is not only influenced by the metal surface wettability. Therefore, a 
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conclusion may be drawn that the adhesion force is governed by both the electrostatic 
and hydrophobic forces between cell and metal.  
 
Table 4.2 Contact angle and surface charge of bacteria in artificial seawater 
 Pseudomonas sp. D. singaporenus D. desulfuricans 
Contact angle of bacteria 91 ± 2o 29 ± 2o 22 ± 1o 
Zeta potential of bacteria (mV) -2.6 ± 1.4 -5.6 ± 1.7 -25.0 ± 1.6 
 
 














 on mild steel
 on stainless steel 316
 on copper
 
















 on aluminum 
 on mild steel
 on stainless steel 316
 on copper 
 
Figure 4.3 Force-distance curves when a Pseudomonas sp. cells coated tip was (a) extended to and 
(b) retracted from different metal substrates in artificial seawater. 
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Figure 4.4 Force-distance curves when a D. desulfuricans cells coated tip was (a) extended to and 
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Figure 4.5 Force-distance curves when a D. singaporenus cells coated tip was (a) extended to and 
(b) retracted from different metal substrates in artificial seawater. 
 
To investigate the effects of bacterial adhesion to the various metal substrates in 
a way that can be visualized, CLSM images (Figure 4.6) were used to verify the AFM 
force measurement results. The propensity of bacteria to adhere onto the metal surface 
has been estimated by comparing the number of bacteria that were attached to the 
surfaces after one-day incubation in the artificial seawater (Figure 4.6).   It is 
evident that Pseudomonas sp. did not adhere to a great extent on the copper substrate, 
whereas there is a considerable layer of biofilm on the aluminum. It is shown that the 
biofilm distribution on mild steel is similar to that on the SS316. These images are 
consistent with the results of adhesion force analysis (Figure 4.3), where the adhesion 
on the aluminum and the copper are the highest and the lowest respectively.  
(a) (b) 





Figure 4.6 CLSM images of Pseudomonas sp. adhering onto (a) mild steel, (b) copper, (c) 
aluminum, and (d) on SS316 in artificial seawater. The scale bar is 500 μm for all images. 
 
4.1.3 Cell Tip-Cell Lawn Interactions 
After the initial adhesion of some bacteria to the metal surface, other bacteria 
subsequently contribute to the development of a mature biofilm. Therefore, the 
interaction between bacteria plays an important role in biofilm formation. The 
cell-cell interactions for D. singaporenus, D. desulfuricans and Pseudomonas sp. were 
measured and are shown in Figure 4.7. Compared with the adhesion forces to the 
metals, the force curves between the cell and the cell lawn are less smooth, and dither 
(a) (b) 
(c) (d) 
Chapter 4 Biofilm Formation and Force Measurement 
61 
with the approaching distance. When the cell-coated tip of all these organisms 
approaches the cell lawn, the repulsive forces appear much earlier on the cell lawn 
surface than that on the metal surfaces, and no attraction was observed. The extending 
force curves indicate the long range of repulsive force for the cell-cell interaction. 
When the cell tip retracts from the cell lawn, the adhesion force is not observed for all 
these bacteria. The retracting force curves are similar to the extending curves. This is 
because the cell lawn is more negatively charged than the metal surfaces in the 
artificial seawater (Table 4.1), and the electrostatic repulsion between cell and cell is 
relatively stronger. The CLSM image (Figure 4.6 d) shows that Pseudomonas sp. is a 
nonflocculent strain. Cell aggregation for negatively charged bacteria is more likely to 
occur at a slightly acidic pH when the surface potential is reduced to zero (Davies, 
1995).  Therefore, under a neutral pH environment, electrostatic repulsive interaction 
plays an important role for all the three bacteria: Pseudomonas sp., D. desulfuricans 
and D. singaporenus.  The tip-sample contacting points during approaching process 
were determined following the method of Camesano and Logan (2000), and the 
repulsive forces at the contacting point for Pseudomonas sp., D. desulfuricans and D. 
singaporenus were 1.26 nN, 1.35 nN, and 1.037 nN, respectively. The most 
negatively charged bacterium (i.e. D. desulfuricans) has the largest repulsive force. 
Meanwhile the bacterial surface wettability also influences the cell-cell repulsion 
interaction which results in the larger repulsive force for Pseudomonas sp. than D. 
singaporenus.  The cell-cell force curves indicate that once a layer of bacteria is 
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adsorbed to the metal surfaces, it becomes difficult to adsorb other bacteria to the 
bacterial layer.   
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Figure 4.7 Force-distance curves when bacteria coated tip was extended to the substrate in 
artificial seawater: (a) D. singaporenus, (b) Pseudomonas sp., and (c) D. desulfuricans. 
 
However, bacterial cells may still aggregate to form a thicker biofilm. This 
suggests that the role of flagella and cell surface biopolymers, which are important for 
the initial attachment to a substratum, become less important in the maturation of a 
biofilm (Jefferson, 2004). The accumulation of bacterial cells in a biofilm may be due 
to the cellular production of extracellular polymeric substances (EPS), which include 
exopolysaccharides, nucleic acids, proteins, glycoproteins and phospholipids (Davis, 
1995; Allision, 2003). Research on cell-cell communication in bacteria has 
demonstrated that chemical signaling plays an important role in the formation of 
bacterial biofilm. It has shown that a class of diffusible molecules N-acylated 
homoserine lactones (AHLs) which are released by the bacteria into the local 
environment can interact with the neighbouring cells (Davies, 2003). Therefore, EPS 
(c) 
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is generally considered to be important in cementing bacterial cells together in the 
biofilm structure (Davies et al., 1998; Stoodley et al., 2002).  
 
4.1.4 Influence of Nutrient and Ionic Strength on the Cell-Metal Interaction 
The typical force-distance measurements between bacteria (i.e. Pseudomonas 
sp., D. desulfuricans, and D. singaporenus) and SS316, in deionized water (DIW), 
artificial seawater (ASW), and EASW (EASW) are shown in Figure 4.8. Results show 
that the adhesion force for the interaction of Pseudomonas sp. and SS316 in DIW is 
lower than that in ASW (Figure 4.8 a). The similar observation was also found for D. 
singaporenus and D. desulfuricans (Figure 4.8 b and c). This is due to the electrostatic 
attraction force between the bacterial cells and the metal substrate, as the metal 
surface is positively charged and the bacteria are negatively charged (Table 4.3). The 
high zeta potential of SS316 in ASW results in the strong electrostatic force. 
Moreover, the sensitivity of the force measurements for a microbial strain in DIW and 
ASW may be also due to the length of the lipopolysaccharide (LPS) on the cell 
surface. The surface biopolymers in a low ionic strength solution are extended due to 
electrostatic and steric repulsions, while the ones in high ionic strength are 
compressed (Abu-Lail and Camesano, 2003c). The longer LPS chains result in the 
stronger elasticity in DIW which indicates the stronger adhesion force between 
bacteria and metal. Furthermore, ionic strength influences the electrostatic 
double-layer. The decrease in the magnitude and the operative distance of electrostatic 
force with increasing ionic strength is expected due to the compression of the 
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electrostatic double layer around the bacteria and the substrate and the flattened 
conformation of negatively-charged polymers on the bacterial surface, thereby 
allowing attractive London-van der Waals forces to dominate (Lower et al., 2000). 
The increasing London-van der Waals forces is one of possible reasons for the 
increasing adhesion force in solution with high ionic strength (i.e. ASW).  
Furthermore, the average adhesion force in the ASW (2.2 ± 0.6 nN, 3.5 ± 0.5 
nN, and 0.9 ± 0.4 nN for Pseudomonas sp., D. desulfuricans and D. singaporenus, 
respectively), was larger than that in the EASW (1.8 ± 0.4 nN, 1.2 ± 0.3 nN, and 0.6 ± 
0.3 nN for Pseudomonas sp., D. desulfuricans and D. singaporenus, respectively) at P 
< 0.05 (Figure 4.8 and Table 4.3). This may be due to the formation of a conditioning 
film on stainless steel surface in the EASW. Once a material surface is exposed to an 
aqueous medium with nutrients, its interfacial properties are often modified by the 
surrounding fluid through the adsorption of organic compounds (Fletcher, 1996; 
Marshall, 1996). The conditioning film adsorbed on the material surface often affects 
the subsequent kinetics of bacteria attachment on the surface. Contact angle 
measurements showed that the wettability of SS316 increased after the formation of a 
conditioning film (i.e., 60 ± 2o with the conditioning film vs. 85 ± 3o without the 
conditioning film). The decrease in the hydrophobicity of the metal surface induces a 
weakening in bacterial adhesion. The zeta potentials of bacteria and stainless steel in 
both ASW and EASW are also measured, and there is no significant difference 
between them (Table 4.3).  
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Figure 4.8 Force-distance curves when a cells-coated tip was retracted from SS316 in different 
solutions (a) Pseudomonas sp.; (b) D. desulfuricans; (c) D. singaporenus. 
 
Table 4.3 Force quantification of three bacteria on SS316 in various solutions 
 
The propensity of bacteria to adhere onto the metal surface has been estimated 
by comparing the number of bacteria that remain attached to the surfaces following 
 DIW ASW EASW 
Adhesion force of Pseudomonas sp. (nN) 1.5 ± 0.6 2.2 ± 0.6 1.8 ± 0.4 
Adhesion force of D. desulfuricans (nN) 1.7 ± 0.3 3.5 ± 0.5 1.2 ± 0.3 
Adhesion force of D. singaporenus (nN) 0.7 ± 0.4 0.9 ± 0.4 0.6 ± 0.3 
Zeta potential of Pseudomonas sp. (mV) -34.1 ± 2.5 -2.6 ± 1.4 -2.7 ± 1.6 
Zeta potential of D. desulfuricans (mV) -35.4 ± 4.7 -25.0 ± 1.6 -24.4 ±2.0 
Zeta potential of D. singaporenus (mV) -55.6 ± 13.1 -5.6 ± 1.7 -5.3 ± 1.5 
Zeta potential of SS316 (mV) 6.8 ± 1.3 1364.4 ± 28.6 1356.4 ± 21.6 
Contact angle of SS316 85 ± 3o 85 ± 1o 60 ± 2 o 
(c) 
(a) (b) 
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incubation in the aforementioned solutions for one day. The samples after staining 
with LIVE/DEAD Baclight bacteria viability kits (Molecular Probe) were examined 
by CLSM (Figure 4.9). Figure 4.9 shows the adhesion of fluorescent Pseudomonas sp. 
to SS316 in DIW, ASW and EASW, respectively. It is evident that the stainless steel 
in ASW was completely covered with the bacteria. However, when the substrate was 
immersed in EASW, fewer viable (i.e., green) bacteria and fewer non-viable (i.e., red) 
bacteria were found on the steel surface (Figure 4.9 b). There were much fewer viable 
bacteria adhering onto the surface in DIW, compared to the case in ASW and EASW. 
At the same time, more non-viable bacteria were attached to the metal surface in 
DIW. This is because DIW lacks nutrients and is low in ionic strength.  The average 
thickness of the biofilm (quantified at four locations) measured using CLSM was 14.6 
± 2.1 μm, 11.89 ± 1.2 μm, and 10.45 ± 0.8 μm, in ASW, EASW and DIW, 
respectively. Evidently, bacterial adhesion to the metal surface in seawater is the 
highest, which is consistent with the AFM force measurements discussed earlier.  It 
is also reported that bacteria are inclined to grow in an environment, where nutrients 
are abundant (Fletcher, 1996; Marshall, 1996). In contrast, a “barren” liquid (in this 
case, DIW) will result in the adhesion of bacteria onto the solid surface, which has a 
greater propensity to adsorb some organic trace elements. It has been reported that 
some bacteria, such as Burkholderia sp. (Lower et al., 2001a), showed a greater 
affinity to mineral surfaces under oligotrophic rather eutrophic environments 
(Fletcher, 1996; Marshall, 1996); under poor nutrient environment, bacteria increase 
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the production of extracellular polysaccharides, which provide the hydrophobic 
interactions and promote sorption onto the solid surface (Bengtsson, 1991). 
  
 
Figure 4.9 CLSM images of Pseudomonas sp. adhering onto SS316 in (a) DIW; (b) ASW; (c) EASW. 
 
4.1.5 Influence of Solution pH on the Cell-Metal Interaction 
An important property of a solution which may influence bacterial adhesion is 
the pH value. Force-distance curves were recorded between the cell probes and SS316 
in ASW solutions of varying pH. Figure 4.10 shows the force measurement data for 
Pseudomonas sp., D. desulfuricans, and D. singaporenus onto SS316 over a range of 
pH (3-9) in ASW. The data are based on the measurements for four bacteria probes, 
(a) (b) 
(c) 
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and each probe was used to make ten measurements at one single location at each pH. 
As shown in Figure 4.10, the multiple adhesion forces are recorded for all the curves 
over the pH range 3-9. Differences in the force curves were observed as pH was 
varied. At pH 3, all the three microorganisms (i.e. Pseudomonas sp., D. desulfuricans, 
and D. singaporenus) have the maximum adhesion force, which has an average value 
of 2.8 ± 0.4 nN, 2.4 ± 0.2 nN, and 3.3 ± 0.4 nN for Pseudomonas sp., D. desulfuricans, 
and D. singaporenus respectively, higher than those at pH of 5 and 7. When the pH 
increases to 5 and 7, the adhesion forces decrease, and the smallest adhesion forces 
are noted at pH 7. This phenomenon is consistent with previous AFM force study of 
microbe adhesion properties (Ahimou et al. 2002; Dufrêne, 2003; Bowen et al., 
2000a). The change of adhesion forces measured as a function of pH is possibly due 
to the change of the ionization state of bacterial cell surface functional groups. The 
surface of bacteria cell is mainly composed of ionized groups: carboxyl and amino 
groups. The different pH of the solutions influences the ionized state of carboxyl and 
amino groups. For the bacteria (Pseudomonas sp., D. desulfuricans, and D. 
singaporenus), the isoelectric point is 2.1, 3.5, and 3.7, respectively, and all are close 
to pH 3. With the weak ionization of the carboxylate group in solution with pH 3, the 
electrostatic forces between the bacteria and the metal surface are relatively low. At 
higher pH (pH 5 and pH 7), the presence of negatively charged COO- increases the 
electrostatic forces in opposition to the attractive forces between the metal and 
bacteria. These results are in agreement with previous findings that the maximum 
adhesion occurred at the isoelectric point (Bowen et al., 2000a; Ahimou et al., 2002; 
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Camesano and Logan, 2000).  
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Figure 4.10 The adhesion force between cell probe and SS316 in ASW with various pH: (a) 
Pseudomonas sp.; (b) D. desulfuricans; (c) D. singaporenus. 
 
Table 4.4 Force quantification of three bacteria on SS316 in ASW with different pH 
in ASW pH 3 pH 5 pH 7 pH 9 
Adhesion force of Pseudomonas sp. (nN) 2.8 ± 0.4 2.1 ±0.6 1.9 ± 0.4 2.7 ± 0.5 
Adhesion force of D. desulfuricans (nN) 2.4 ± 0.2 1.7 ± 0.2 0.5 ± 0.1 0.7 ± 0.1 
Adhesion force of D. singaporenus (nN) 3.3 ± 0.4 3.0 ± 0.2 0.8 ± 0.3 2.3 ± 0.5 
However, at pH 9, the adhesion forces increase, compared to that at pH 7 
(Figure 4.10). This may be due to the much higher concentration of the negatively 
charged COO- groups and the oxidized iron on steel surface at higher pH environment. 
The presence of ferrous and ferric ions on the surface of stainless steel is confirmed 
using X-ray photoelectron spectroscopy (XPS). Figure 4.11 shows the Fe 2p3/2 spectra. 
Basically, iron spectra of Fe 2p3/2 contain three contributions: a metallic peak (Fe0) at 
706.8 eV, a divalent oxide peak (Fe2+) at 709.4 eV, and a trivalent oxide peak (Fe3+) at 
711.0 eV. Results from fitting the iron spectra in Figure 4.11, is given in Table 4.5, 
where it can be seen that the ratio of metallic iron Fe0 decreases when the pH of the 
(c) 
Chapter 4 Biofilm Formation and Force Measurement 
72 
solution increases. That means the proportion of oxidized iron increases with pH. At 
the basic environment (i.e. pH 9), an oxide passive film is formed by reacting with 
hydroxyl ions. This protective layer can inhibit the metal corrosion process or lead to 
passivity.  
At the same time, the carboxylate groups are highly ionized at pH 9. The 
negatively charged COO- groups bind with positive Fe2+ by electrostatic interaction on 
the stainless steel surface, and induce the large adhesion force in the solution with 
high pH (i.e. pH 9). The higher concentration of iron ion enhances the interaction with 
COO- groups, and thus the adhesion forces increase when the cell tip retracts from the 
metal surface.  
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Figure 4.11 XPS measurement of Fe 2p spectra in ASW at various pH: (a) pH 3, (b) pH 5, (c) pH 7, 
and (d) pH 9. 
(a) (b) 
(c) (d) 
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Table 4.5 Fitting parameters for XPS spectra Fe2p3/2 and relative quantity of compounds in the 
surface of SS316 immersed in ASW at different pH. 
in ASW Binding energy 
(eV) 




pH 3 706.4 Fe(0) 1.52 2412.7 0.55 
 708.6 Fe2+ 2.38 1154.1 0.26 
 710.0 FeO 2.38 284.4 0.065 
 711.6 FeOOH, Fe3+ 2.38 504.1 0.12 
pH 5 706.4 Fe(0) 1.51 473.1 0.095 
 710.0 FeO 2.65 3356.8 0.67 
 711.6 FeOOH, Fe3+ 2.65 1151.3 0.23 
pH 7 706.4 Fe(0) 1.85 281.3 0.072 
 710.0 FeO 2.62 2700.1 0.69 
 711.6 FeOOH, Fe3+ 2.62 913.2 0.23 
pH 9 706.4 Fe(0) 1.85 280.3 0.096 
 710.0 FeO, Fe2+ 2.80 817.5 0.28 
 711.6 FeOOH, Fe3+ 2.80 1810.0 0.62 
 
4.2 Ex-situ Force Measurement 
In this study, a SS316 coupon was removed from the medium after immersion in 
EASW with the SRB for 14 days. Figure 4.12 (a) and (b) illustrate typical 3-D 
topographic images of the surface of a coupon with a naturally-developed biofilm. In 
order to quantify the adhesion forces between different components of biofilm and an 
AFM Si3N4 tip, five locations which represent the components of the biofilm (A—on 
cell, B—at cell periphery, C—on biofilm substrate, D—on deposit and E—at deposit 
periphery) were selected for the force measurement. Location F (not shown here) on 
the pristine stainless steel AISI 316 without exposure to ESAW is obtained from 
another coupon. The forces for each location were measured, and the statistical data 
(mean value and standard deviation) are shown in Table 4.6. Figure 4.13 and Figure 
4.14 show the typical forces for each location in the EASW with D. singaporenus and 
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D. desulfuricans, respectively. The difference between the attraction force on the cell 
(A) (4.37 ± 0.83 nN) and the one at the cell periphery (B) (4.70 ± 0.28 nN) for D. 
singaporenus is found to be statistically insignificant (at the 0.05 confidence level) 
(Figure 4.13). Similar results were obtained for the D. desulfuricans cell surface 
where the forces measured at A and B were 2.57 ± 0.64 nN and 2.70 ± 0.80 nN, 
respectively (Figure 4.14). It has been reasoned that the presence of 
lipopolysaccharides (LPS) on the cell surface increases the adhesive force (Ong et al, 
1999). About 45% of the surface on Gram-negative bacteria is covered by 
lipopolysaccharides (LPS). The bacteria adhesion force is usually governed by 
long-range forces, such as van der Waals and electrostatic interactions (Razatos et al, 
1998). However, when lipopolysaccharides (LPS) are present, specific and/or 
short-range interactions may become dominant, as compared with nonspecific, 
long-range interactions, i.e. London-van der Waals, electrostatic, steric interactions 
(Abu-Lail & Camesano, 2003a). At the cell periphery, EPS are excreted by the cells to 
enhance the bacteria binding to the surface (Fang et al, 2000), and the polysaccharides 
provide binding sites for trace elements (Abu-Lail and Camesano, 2003b). However, 
the adhesion force on D. singaporenus is much larger than that on the D. 
desulfuricans cell. It is possible that these two SRB have quite different length and 
composition of lipopolysaccharides, which would greatly influence the adhesion (Ong 
et al, 1999). It is also noted that the tip-cell adhesion force of 5.08 ± 0.40 nN reported 
by Fang et al. (2000) for the SRB isolate from marine sediments of Victoria Harbour 
(Hong Kong) is fairly similar with that measured for D. singaporenus (4.37 ± 0.83 
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nN).  Adhesion force measured in a fluid system is much smaller compared to that 
measured in air, and is affected by factors such as the ionic strength of the solution 
(Abu-Lail and Camesano, 2003c). The cell-tip adhesion forces are also enhanced with 
increasing ionic strength. For example, the adhesion force between Pseudomonas 
putida KT2442 and AFM Si3N4 tip was 0.46 ± 0.5 nN in 0.01M KCl solution, and 
reached 1.85 ± 1.18 nN when the concentration of KCl increased to 1M.  
For D. singaporenus, the attractive force on the deposit (D) (which is composed 
mainly of ferrous sulfides according to EDX analysis, data not shown) is 2.59 ± 0.49 
nN, a value much lower than that measured at the periphery of the deposit (E) (4.22 ± 
0.62 nN).  In contrast, for D. desulfuricans the force at the deposit periphery (at 2.45 
± 0.40 nN) was not significantly different from that on the deposit (at 2.38 ± 0.24 nN; 
at the 0.05 confidence level). At the periphery of the deposit, the slime excreted by 
bacteria helps to attract the deposit onto the substrate. When a cell adheres to the 
stainless steel AISI 316 surface, it excretes EPS to enhance its binding to the surface 
(Vandevevere and Kirchman, 1993; Fletcher, 1996), and the EPS also facilitates the 
adhesion of other suspending substances onto the solid surface. The biopolymer 
interactions of EPS may control the adhesion to surfaces (Abu-Lail and Camesano, 
2002). The forces at the periphery of the deposit and bacterial cell (i.e. E and A) for 
both D. singaporenus and D. desulfuricans are not significantly different since it is 
due to the same substances (i.e. EPS) that contribute to the adhesion force. 
The forces on the substratum (4.84 ± 1.01 nN and 3.04 ± 0.36 nN for D. 
singaporenus and D. desulfuricans, respectively) are found to be not significantly 
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different (at 0.05 confidence level) from the forces at the cell periphery. This may be 
due to the complexity of the composition of the substratum. Like the EPS, the 
substratum is also composed of organic and inorganic nutrients, metabolic products, 
enzymes and other biologically active molecules. All these compounds enhance the 
adhesion forces. However, compared to the pristine SS316 (force of 2.09 ± 0.93 nN), 
the forces on substratum after the development of the biofilm is larger for both D. 
singaporenus and D. desulfuricans. These results indicate that the biofilm formation 
enhances the viscosity of the substratum, which further enhances the development of 
the biofilm by the adhesion of more substances onto the surface.  
 
  





Chapter 4 Biofilm Formation and Force Measurement 
77 


























Figure 4.13 Force measurements on the biofilm surface with D. singaporenus: (A—on cell, B—at cell 
periphery, C—on biofilm substrate, D—on deposit and E—at deposit periphery) 


























Figure 4.14 Force measurements on the biofilm surface with D. desulfuricans: (A—on cell, B—at cell 
periphery, C—on biofilm substrate, D—on deposit and E—at deposit periphery) 
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Table 4.6 Tip-surface adhesion forces on coupons with a biofilm (mean ± S.D.). 
 (More than twenty measurements at each location were taken) 
Locations on the image Force (nN) 
for D. singaporenus 
Force (nN) 
for D. desulfuricans 
A (on the cell) 4.37 ± 0.83 2.57 ± 0.64 
B (at the cell periphery) 4.70 ± 0.28 2.70 ± 0.80 
C (on the substratum) 4.84 ± 1.01 3.04 ± 0.36 
D (on the deposit) 2.59 ± 0.49 2.38 ± 0.24 
E (at the deposit periphery) 4.22 ± 0.62 2.45 ± 0.40 
F (on the bare stainless steel) 2.09 ± 0.93 
 
4.3 Summary 
Atomic force microscopy had been used to directly quantify the interactions 
between the bacteria and metal substrates. This technique is successful in elucidating 
the initial adhesion for biofilm formation on metals. A maximum adhesion force peak 
followed by several small peaks was observed when the cell probe retracted from the 
surface, indicating stretching and multiple bond breakage as the cell moves away 
from the substrate. Moreover, the adhesion force was found to be very sensitive to the 
physiological properties of the bacterium as well as the metal substrate. The 
hydrophobicity and surface charges on the metal substrates and bacteria significantly 
affected the cell-metal adhesion. The surface charge greatly influenced the adhesion 
force by controlling the electrostatic interaction. The bacterial adhesion forces were 
enhanced by increasing surface hydrophobicity. The electrostatic interaction resulted 
in stronger repulsive forces in the cell – cell interaction as compared to the cell – 
metal surface interaction.  
Atomic force microscopy was also a powerful analytical tool in studying the 
adhesion force on various components of a heterogeneous biofilm ex-situ. These 
results are helpful in understanding the mechanism of biofilm formation. The force on 
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the cell surface was found to be significantly higher than that on the deposit (P <0.05). 
On the other hand, the force on the cell was similar to that at the cell periphery. 
However, the force on the deposit was significantly lower than that at the periphery of 
the deposit. The adhesion force on D. singaporenus was much higher than that on the 
cell of D. desulfuricans. These results also show that the biofilm adhesion was clearly 
dependent on the organism. Furthermore, the surface after the development of a 
biofilm was significantly more adhesive compared to the bare metal. 
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CHAPTER 5  SULPHATE REDUCING BACTERIA BIOFILM 
AND ITS INDUCED BIOCORROSION OF STAINLESS STEEL 
AISI 316 
The previous chapter demonstrated the adhesion forces between SRB and metal 
substrates to form the biofilm. In this chapter, the influence of this anaerobic SRB 
biofilm on the biocorrosion of SS316 in the marine environment was studied. The 
biocorrosion of SS316 was investigated in artificial seawater by applying AFM and 
EIS (a conventional electrochemical technique). The dynamic development of biofilm 
and other surface film structures of SS316 under the influence of MIC were also 
examined using these techniques. 
 
5.1 AFM Image Analysis 
5.1.1 Biofilm Investigation 
In both bacterial cultures, a layer of biofilm was formed on the stainless steel 
surface in the absence of dissolved oxygen in the EASW (EASW) medium. The 
biofilm consisted of clusters of microbial cells and extracellular polymeric substance 
(EPS). AFM images of the coupons with a biofilm of D. desulfuricans and D. 
singaporenus over different periods of exposure are shown in Figure 5.1 and Figure 
5.2, respectively. It is manifest that the bacteria and EPS accumulated with the 
exposure time. After 14 days of immersion in the EASW, the D. desulfuricans 
bacterial cells were observed on the metal surface. On the 34th day, the surface 
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concentration of the cells was significantly higher. In contrast, D. singaporenus 
proliferated more rapidly over the same time period; the 14th day coupon showed a 
biofilm with a higher concentration of cells than the corresponding D. desulfuricans 
culture. Although a thick biofilm was observed for D. singaporenus on the 34th day, 
detachment of the biofilm occurred before the 44th day. These AFM images confirm 
that biofilms are dynamic structural entities in which cell attachment and growth, the 
formation of micro-colonies, and subsequent detachment take place (Lewandowski, 
2001).  Nguyen et al. (2004) also observed a similar detachment phenomenon on the 














      
Figure 5.1 Atomic Force Microscopy images of stainless steel AISI 316 coupons with D. desulfuricans 
biofilm; (a) 4-day-immersion; (b) 14-day-immersion; (c) 24-day-immersion; (d) 34-day-immersion; (e) 











Figure 5.2 Atomic Force microscopy images of SS316 coupons with D. singaporenus biofilm; (a) 
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5.1.2 Pits Investigation 
Some pits were evident when the biofilm was removed. A detailed image of the 
pits and the D. desulfuricans cell are shown in Figure 5.3. The pits (Figure 5.3 (a)) 
appear curved and rod-shaped, and are very similar to the bacterial cell (Figure 5.3 
(b)). This suggests that the SRB plays a direct role in the formation of pits on the 
surface of SS316. Similar results have also been found on a stainless steel 304 surface 
with D. desulfuricans (Nguyen, 2004). Apart from the sulphate-reducing bacteria, 
Leptothrix discophora (a manganese oxidizing bacteria) has also been observed by 
SEM to be involved in pit initiation on 316L stainless steel (Geiser et al., 2002). It has 
been explained that the pits were formed by the significant depletion of Fe relative to 
Ni in near-surface regions of the oxide film under the sulphate-reducing bacteria 
(Geesey et al., 1996).   
SEM can provide only two-dimensional images, while AFM is able to show 
three-dimensional images. Figure 5.4 shows the height profiles of the D. desulfuricans 
cells and the depth profiles of the pits. The heights of the larger cell on the SS316 
surface is about 115 nm (Figure 5.4 a), and is lower than the smaller cell, which is 130 
nm higher than the bulk surface. The depth profiles in Figure 5.4 (b and c) show the 
pit depth of the larger and smaller pits at 265 nm and 210 nm, respectively. It is likely 
that the SRB plays a direct role in the pit growth process, since a greater pit depth is 
associated with a larger bacterium (and a smaller pit depth associated with a smaller 
bacterium; see Figure 5.4 c and b, respectively). This is due to the production of 
hydrogen sulfide and the metabolic products of SRB that directly influence the local 
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surface microenvironment. Hydrogen is removed from the cathodic area on the iron 
surface by the hydrogenase enzyme. This enhances the anodic dissolution of iron. 
Corrosion is also affected by microbially produced FeS, which can induce cathodic 



















Figure 5.4 Section analysis on the SS316 coupons: (a) height profile of D. desulfuricans cells; (b) 
depth profile of a small pit; (c) depth profile of a large pit. 
 
Figure 5.5 shows that the depth of corrosion pits in the EASW caused by D. 
desulfuricans is greater than that caused by D. singaporenus. The greatest difference 
occurred on the 44th day, with average pit depths of 102 nm and 51 nm for D. 
desulfuricans and D. singaporenus, respectively. It is tempting to speculate that this 




Chapter 5 Sulphate Reducing Bacteria Biofilm and its Induced Biocorrosion of Stainless Steel AISI 316 
87 
biofilm formed by D. singaporenus is compact and crystal-like (Figure 5.6), while the 
D. desulfuricans biofilm appears relatively porous with a net-like structure, which 
would enhance the diffusion of chemical species including chloride and cellular 
metabolites. For this reason, pits formed by D. desulfuricans are deeper than those by 
D. singaporenus. The pit depths for the stainless steel coupons, however, are smaller 
when compared to mild steel. It has been reported that the pit depth on mild steel 
reached 1390 nm after 40 days corrosion by an SRB isolated from a marine sediment 























Figure 5.5 Depth of pits on SS316 at different time of exposure. 
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5.2 EIS Results 
EIS analysis was conducted with time under conditions favorable for bacterial 
growth. The Nyquist and Bode plots were obtained weekly for SS316 after immersion 
in the EASW with D. desulfuricans and D. singaporenus for six weeks. Control 
samples (i.e., the medium without bacteria) were also prepared.  
The analysis of the impedance spectra was performed by fitting the data using 
the Boukamp program Equivcrt (Boukamp, 1986) (i.e., a non-linear least square 
fitting procedure). The quality of the fit to the equivalent circuit was judged by the 
Chi-square value, comparing experimental and simulated data. 
 
5.2.1 Control Coupons in EASW 
Both Nyquist and Bode plots were utilized to interpret the EIS spectra. 
Considering the Nyquist plot, it appears that there are only one or two semicircles, 
including one or two time constants. However, the associated magnitude and phase 
plots in Figure 5.7 appear to have several possible time constants, as indicated by the 
arrows. Clearly, it is very important to interpret the experimental data by examining 
both types of EIS plots. For example, only one time constant is observed in the 
Nyquist plot for the 35th day control coupon, and the associated magnitude plot in 
Figure 5.7 a has one time constant where the slope approaches negative one, but the 
associated phase plot has three inflection points, and thus three time constants. 
Modeling using three-time constants fits the experimental data well. Thus, the number 
of time constant is first observed from both Nyquist plot and Bode plot, and then 
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confirmed using the fitting technique. For the control coupons (i.e. from the 7th to the 
42nd day in Figure 5.9 a), only the 7th day and 14th day coupons fit the two-time 
constant model, R(Q[R(QR)]), as illustrated in Figure 5.8 a.  In this equivalent 
circuit, a constant phase element is used. Capacitors in EIS experiments often do not 






where ZCPE is the impedance of the constant phase elements, ω is the angular 
frequency of alternating current voltage, Y0 and n are the frequency independent 
parameters). The presence of CPE can be explained by dispersion effects that are 
caused by microscopic roughness of a surface. On the surface of these coupons there 
is a layer of passive film and a double layer. The electric double layer exists on the 
interface between an electrode and the surrounding electrolyte. This double layer is 
formed as ions from the solution adhere on the electrode surface. At short immersion 
times, the passive film is not fully developed and indeed contributions from the 
double layer can be resolved as the capacitance values between the double layer and 
the passive film are closer in magnitude.  As the passive film grows in thickness at 
longer immersion times, indeed it would be nearly impossible to resolve the 
contribution from the double layer from the much larger impedance contribution by 
the well developed passive film in a reliable way. Huang et al. (2004) also detected 
the presence of an electric double layer and a surface film in a sterile medium on 
70Cu-30Ni alloy. After a further 21 days (i.e. 35th day), another time constant 
appeared on the surface (Figure 5.9 a).  This is probably due to the formation of pits 
(Figure 5.8 b) in the EASW. The presence of high concentration of aggressive 
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chloride in the medium increases the corrosion rate.  
 


















 Experimental data for control 35 th day

































 Experimental data for D. desulfuricans 35th day
 fitted data with model R(Q[R(QR)(QR)])
 


























 Experimental data for D. singaporenus 35th day
 fitted data with model R(QR)(Q[R(QR)(QR)])
 
Figure 5.7 EIS analysis for the samples at 35th day of immersion: (a) control coupon; (b) coupon 





















Figure 5.8 Equivalent Circuit models: (a) Model of R(Q[R(QR)]) for control coupons; (b) Model 
of R(Q[R(QR)(QR)]) for control coupons; (c) Model of R(Q[R(QR)(QR)]) for coupons in EASW 
with D. desulfuricans; (d) Model of R(Q[R(QR)(QR)(QR)]) for coupons in EASW with D. 
singaporenus.  
 
Rs:  Solution resistance   
Qpf:   Capacitance of the passive film 
Rpf:  Resistance of the passive film 
Qdl:  Capacitance of the double layer  
Rct:  Charge transfer resistance 
Qpit:  Capacitance of the pits in the passive film 
Rpit: Resistance of the pits in the passive film 
Qb:  Capacitance of the biofilm 
Rb :  Resistance of the biofilm 
Qf :  Capacitance of the ferrous sulfide film 
Rf :  Resistance of the ferrous sulfide film 
(d) 
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 Experimental data for D. singaporenus 7day
 fitted data with model R(Q[R(QR)(QR)])
 Experimental data for D. singaporenus 14day
 fitted data with model R(Q[R(QR)(QR)])
 Experimental data for D. singaporenus 21day
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 Experimental data for D. singaporenus 28day
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 Experimental data for D. singaporenus 35day
 fitted data with model R(Q[R(QR)(QR)(QR)])
 Experimental data for D. singaporenus 49day
 fitted data with model R(Q[R(QR)(QR)(QR)])
  












  Experimental data for D. singaporenus 49day
 fitted data with model R(Q[R(QR)(QR)])
 Experimental data for D. singaporenus 56day
 fitted data with model R(Q[R(QR)(QR)])
 Experimental data for D. singaporenus 70day
 fitted data with model R(Q[R(QR)(QR)(QR)])
 
Figure 5.9 Experimental EIS data (symbol) and their fitted data (line) for (a) a SS316 coupon; (b) 
coupon with D. desulfuricans; (c) coupon with D. singaporenus. 
 
To confirm the presence of pitting, the cyclic polarization curve was measured 
for the control coupons immersed in EASW for 7 days, 14 days, and 21 days.   




Chapter 5 Sulphate Reducing Bacteria Biofilm and its Induced Biocorrosion of Stainless Steel AISI 316 
94 
-0.27 V. A passivity zone was present when potential is between 0.20 V and 0.24 V 
where the current is decreasing. When potential reached 0.75 V, no pitting potential 
was observed. It was noticed that the cyclic potential curve exhibits a negative 
hysteresis curve.  The 14th day coupon shows a similar electrochemical behavior 
with the 7th day coupon that it presents a negative hysteresis curve for the cyclic 
polarization. But the current in the passivity zone is not reduced for the 14th day 
coupon.  
The 21st day coupon presents a passivity zone followed by a breakdown in 
passivity and the start of pitting. The onset of anodic current occurred at a potential of 
-0.21 V, which is slightly more positive than the 7th day coupon. The anodic curve 
obtained through the positive scan revealed a narrow passive region with a positive 
hysteresis. The loop of pitting hysteresis occurred between the positive and the 
reverse scan portions of the cyclic polarization curve. Pitting corrosion is 
characterized by an electrode potential value, above which corrosion pits can form. 
This value is called the pitting potential (Epit) (Figure 5.10). The scan performed in the 
rising direction shows a current density plateau (passivity) followed by a sudden 
increase in anodic current characteristic of the pitting potential. Pitting was initiated at 
approximately 0.49 V (positive scan), and repassivated at approximately -0.14 V 
(reverse scan).    
















 SS316 in EASW for 7 days













  SS316 in EASW for 14 days
  

















 SS316 in EASW for 21 days
















 SS316 in EASW with D. desulfuricans for 7 days
 
Figure 5.10 Cyclic polarization curves of SS316 exposed to EASW for (a) 7 days; (b) 14 days; (c) 21 
days. (d) Potentiodynamic scanning curve of SS316 coupon exposed to EASW with D. desulfuricans 
for 7 days. 
 
5.2.2 Coupons in EASW with D. desulfuricans 
Figure 5.9 b shows the Nyquist plots.  A three-time constant model was used to 
fit the experimental data in EASW with D. desulfuricans. Besides the passive film 
and the double layer, there appears to be a layer of porous biofilm on the SS316 
surface (Figure 5.6 a). The model, R(Q[R(QR)(QR)]) (which has a Chi-square value 
of 10-3) fits the experimental data well. For the coupons of 7 to 42 days of immersion 
in the EASW with D. desulfuricans, all the data fit this model well.  
(a) (b) 
(c) (d) 
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Figure 5.9 b shows all the experimental and fitted curves for the coupons from 
the 7th to the 42nd day of immersion. The corrosion impedances of the coupons for 
different exposure times show a trend in which the impedance first decreased (Figure 
5.9 b1) and then increased (Figure 5.9 b2). The decrease in impedance lends support to 
the corrosive effect of the sulphate reducing bacteria on SS 316. This was linked to a 
decrease in pH in the medium in the presence of hydrogen sulfide (Beech and 
Gaylarde, 1999). Another possible reason is that the non-homogeneous films of 
sulfide products, such as FeS, serve as strong cathodes to accelerate the oxidation of 
Fe(0) (Lee and Newman, 2003).  The coupon at the 21st day shows the lowest 
corrosion impedance. Subsequently, the iron sulfide protects the SS316 surface from 
corrosion and the increase in impedance testifies to the protective effect of the iron 
sulfide film (González et al., 1998). Figure 5.6 (a) shows the SEM images of the 
surface of the coupon on the 21st day. The corresponding EDX analysis showed that 
the surface is mainly composed of sulfur and iron. This evidence suggests that the 
surface is very likely composed of a ferrous sulfide deposit. Considerable research has 
focused on the influence of ferrous ion on SRB action on metals. Obuekwe et al. 
(1981) reported that when only sulfide was produced, corrosion rates first increased 
and then decreased due to the formation of a protective FeS film. 
This three-time constant model, R(Q[R(QR)(QR)]), for the SS 316 in the 
corrosion influenced by SRB has also been reported by González et al. (1998). It was 
pointed out that pitting potential decreased due to the biofilm structure and that the 
pores permit easy access of aggressive ions to the metal surface.  
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To compare the pitting corrosion with the control coupon, the potentiodynamic 
scanning curve of SS316 coupon exposed to EASW with D. desulfuricans for 7 days 
was studied (Figure 5.10 d). The pitting potential occurred at 0.35 V, much lower than 
the control coupon. A breakdown of passive film occurred suddenly and appeared as 
an eruption of anodic current. Such an instant increase in the anodic current from 2.5 
x 10-5 to 1.5 x 10-3 A/cm2 may be likely associated with well-developed pits located 
beneath the biofilm, and they are exposed to the bulk medium after the biofilm cover 
disintegration.  The observation of the pitting from the potentiodynamic scanning 
curve is consistent with the AFM images, which showed that the pits are formed on 
the stainless steel substrate. 
 
5.2.3 Coupons in EASW with D. singaporenus 
Nyquist and Bode plots are both analyzed for the coupons in EASW with D. 
singaporenus as a function of time. The time constants were determined and the 
fittings were carried out for the coupons. At the beginning, the surface consists of 
three layers: a passive film layer, a double layer and a biofilm layer, which includes 
bacteria, extracellular polymeric substance (EPS) and ferrous sulfide. With increasing 
exposure time, biofilm and FeS deposits accumulated. Moreover, these gradually 
formed two layers: a layer of ferrous sulfide and a layer of bacteria and EPS (Figure 
5.6 b). It is confirmed by a four-time constant fit after 28 days of immersion (Figure 
5.8 d).  
On the 49th day, biofilm detachment occurred, a phenomenon consistent with the 
AFM images (Figure 5.2 e). The EIS result is consistent with the AFM images in that 
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a three-time constants model fits quite well for the coupons after 49 and 56 days of 
immersion. Thereafter, the biofilm grew again. On the 70th day of immersion, another 
layer of biofilm was developed on the SS316 surface (Figure 5.9 c2).  
Compared with the coupons in EASW with D. desulfuricans, the coupons in 
EASW with D. singaporenus also experienced a process in which the corrosion 
impedance first decreased (Figure 5.9 c1) and then increased (Figure 5.9 c2). This 
increase is also due to the accumulation of a ferrous sulfide (Figure 5.6 b). This 
however appeared only after immersion for 49 days, which was much later than for D. 
desulfuricans.   
 
5.2.4 Comparison of the Coupons with and without SRB 
To compare the influence of SRB on SS316 in EASW, two typical sets of 
parameters from the equivalent circuit models on the 14th day and the 35th day are 
selected in Table 5.1. The solution resistance Rs is quite low. This is due to the good 
conductivity in the presence of many salts in the artificial seawater. The electrolyte 
resistance depends on the ionic concentration, the type of ions and temperature. The 
resistance of the passive film, Rpf, decreases slightly with exposure time. At the same 
time, the roughness parameter of the passive film, n1, decreases from 0.90 to 0.87 for 
control samples. The sample with SRB decreases much more rapidly. On the 35th day, 
it reaches 0.56 and 0.69 for the D. desulfuricans and D. singaporenus respectively. 
The decrease in n1 indicates that the passive film is becoming increasingly porous.  
The resistance of the double layer, Rct, for control samples is high, and decreases 
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slightly with exposure time. The very high value of Rct implies a high corrosion 
resistance. The charge transfer resistance, Rct, is a parameter to characterize the 
corrosion rate. For the sample with the D. desulfuricans and D. singaporenus, a 
significant reduction in Rct with exposure time occurred. On the 35th day, Rct reaches 
1.5 and 2.9 kΩ, respectively. Meanwhile, n2 of SRB also decreases more than the 
control sample due to the increase in the heterogeneity in the double layer and a more 
active charge transfer process has taken place. The increase in the electrical double 
layer heterogeneity is due to the heterogeneous distribution of the biofilm and the 
initiation of localized corrosion. The presence of SRB can generate a significant 
amount of hydrogen sulfide, which increases the active charge transfer by reacting 
with a ferrous ion to form a ferrous sulfide deposit. The reduced sulfur compounds 
thus enhance localized corrosion of stainless steel by inducing pitting corrosion 
(Ismail et al., 1999).  
The resistance Rb of the biofilm increases during the exposure period, and 
assumes a larger magnitude compared with Rct on the 35th day.  This result 
corroborates the work of González et al. (1998) Such an increase may stem from the 
accumulation of FeS and Fe(OH)2 inside the biofilm pores. The increasing Rb lends 
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Table 5.1 Parameters of EIS for the samples in EASW or EASW with SRB after 14 and 35 days of 
immersion. 
Control D. desulfuricans D. singaporenus 
Samples 
14th day 35th day 14th day 35th day 14th day 35th day 
Rs (W) 32.5 40.8 45.3 47.6 46.9 47.8 
Rpf (W) 936.7 873.2 815.4 800.8 873.6 798.1 
Ypf (μW-1sn1) 6.9 8.3 4.9 9.3 7.5 8.8 
n1 0.90 0.87 0.73 0.56 0.78 0.69 
Rct (kW) 102.5 76.8 37.4 1.5 96.6 2.9 
Ydl (μW-1sn2) 5.4 9.8 1.0 9.4 1.1 7.5 
n2 0.76 0.75 0.68 0.41 0.66 0.59 
Rpit or Rb (kW) - 1.6 19.0 45.5 13.6 20.1 
Y3 (μW-1sn3) - 1.2 2.9 1.4 1.4 4.9 
n2 - 0.87 0.62 0.69 0.41 0.35 
Rf (kW) - - - - - 27.8 
Yf(μW-1sn4) - - - - - 1.1 
n4 - - - - - 0.68 
 
5.3 Summary 
The biofilm development and pit formation on the surface of SS316 was studied 
by both AFM and EIS. AFM images and EIS modeling results show that the biofilm 
formed by D. desulfuricans accumulated with exposure time, while the biofilm 
formed by D. singaporenus underwent attachment, growth, subsequent detachment 
and reattachment. Moreover, the biofilm induced by different SRB strains shows 
different morphology and polarization resistance. The biofilm formed by D. 
singaporenus was compact and crystal-like, while that by D. desulfuricans was porous 
and net-like which induced a faster corrosion on the surface of SS316. Pits were 
found on the steel surface. Pits with a curved-rod shape suggest a direct role of SRB 
cells on the localized corrosion. Furthermore, equivalent circuit models from EIS 
results bear out the presence of biofilm on the metal surface for both D. desulfuricans 
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and D. singaporenus. However, an additional layer of iron sulfide deposit on the steel 
surface was formed in the presence of D. singaporenus. 
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CHAPTER 6 BIOFILM AND BIOCORROSION INHIBITION 
USING LAYER-BY-LAYER COATING 
The previous chapter has shown that in seawater, the presence of SRB 
dramatically increased the corrosion of SS316. Hence, it is crucial to develop methods 
to inhibit the MIC of SS316 induced by SRB. In the recent years, a newly developed 
method for coating a substrate with antibacterial chemicals using a layer-by-layer 
technique has been developed to effectively control biofilm formation in the medical 
area. However, its potential application to control MIC has never been studied.  
In this chapter, this layer-by-layer coating with alternative layers of quaternized 
polyethylenimine (q-PEI) and poly(acrylic)acid (PAA) on a SS316 substrate was 
investigated. The chemical nature and stability of the polyelectrolyte multilayers 
(PEM) was monitored using XPS and static water contact angle measurements. The 
antibiocorrosion ability of PEM on stainless steel was further assessed using CLSM, 
AFM and linear polarization techniques. 
 
6.1 Surface Functionalization of SS316 and the Stability of the Multilayers 
Successful deposition of q-PEI and PAA layers on the metal substrates would 
modify the hydrophilicity of water on the substrate, i.e. the contact angle of water 
would be changed with each successful deposition of q-PEI or PAA layer. Figure 6.1 
shows the contact angles of SS316 after the deposition of each layer.  
The average contact angle for pristine stainless steel was 49.8o (Figure 6.1). 
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With the deposition of the first layer of PEI, the contact angle of the surface increased 
to 68.5o, and then dropped to 32o with the subsequent deposition of PAA. Upon the 
formation of a next layer of q-PEI, the contact angle was found to be 69o. These 
values are consistent with that reported in literature (Shi et al., 2006). A trend of 
alternating contact angles was found, following the deposition of q-PEI and PAA 
multi-layers. This trend indicates the success of subsequent deposition of the q-PEI 
and PAA layers on the SS316 substrates.  





















Figure 6.1 Contact angle measurements for the different layers of coating. 
 
The stability of the q-PEI/PAA multilayers was examined in order to ascertain if 
the layers would peel off from the substrates’ surface after immersion of the 
functionalized SS316 coupons in filter-sterilized EASW. The average contact angle of 
the functionalized SS316 before immersion in artificial seawater was 67.7o. The 
coupons were retrieved from artificial seawater and rinsed with distilled water for 1 
minute and dried with nitrogen gas for 5 minutes before any measurements were 
taken. From Figure 6.2, it is evident that the contact angles of the functionalized 
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stainless steels remained between 60-70o over 14 days, thus indicating that the final 
layer on the substrate was always q-PEI. This result suggests that the coating was 
relatively stable, and that the q-PEI/PAA multi-layers did not peel off from the SS316 
surface. 




















 Stability test for the mutilayer 
          coating on SS316
 
Figure 6.2 The stability test of the functionalized SS316 in EASW. 
 
6.2 XPS Analysis of the Functionalized Stainless Steel 
The deposition of q-PEI/PAA multilayers on stainless steel was examined using 
XPS spectra. From Figure 6.3, the emergence of nitrogen (N 1s) peak at about 400 eV 
and the increase of the intensity of spectra C 1s indicate that the SS316 has been 
functionalized with the coating (Figure 6.3 b). In comparison, there is no obvious 
nitrogen peak for the pristine SS316 (Figure 6.3 a).  
Chapter 6 Biofilm and Biocorrosion Inhibition Using Layer-By-Layer Coating 
105 

















 pristine stainless steel
 


















 coated stainless steel
 
Figure 6.3 XPS wide scan for (a) the pristine SS316 and (b) q-PEI/PAA multibilayers of the 
functionalized SS316.  
 
Figure 6.4 shows the nitrogen (N 1s) spectra for both the pristine and the 
functionalized SS316. The total peak area for N 1s of the pristine SS316 is only 520.9, 
while that for the functionalized SS316 is 1490.6. The much larger peak area of N 1s 
spectra on the functionalized SS316 suggests the successful deposition of the 
multilayers. The functionalized SS316 has two peaks for N 1s spectra; the first peak 
of N 1s at 398.94 eV is attributed to the amide group, R-NH-R, in the PEI chain, and 
the second peak at 401.51 eV is attributed to the positively charged nitrogen (N+) in 
q-PEI. The N+/N ratio was then calculated from the spectra to be 0.311, which implies 
that only about 31.1% of nitrogen was quaternized. This is lower than the value of 
42% reported by Shi et al. (2006).  
(a) (b) 
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Figure 6.4 N 1s spectra for (a) the pristine SS316 and (b) q-PEI/PAA multibilayers of the 
functionalized SS316.  
 
6.3 Biofilm Viability Study by CLSM 
Confocal laser scanning microscope was used to investigate the viability of the 
bacteria on the functionalized stainless steel. A combination dye (propidium iodide 
and SYTO 9) was used to analyze the live and dead bacterial cells on the substrate. 
Live cells would appear green under the light while dead cells would appear red. The 
coated SS316 was immersed in the EASW for 5 weeks in the presence of 
Pseudomonas sp., D. desulfuricans, and D. singaporenus, respectively, along with a 
corresponding set without coating. Figure 6.5 shows that more dead bacteria were 
observed on the coupons coated with q-PEI/PAA multilayers compared to the pristine 
metal for all the three bacteria. It indicates that the q-PEI/PAA multilayers are 
effective in inhibiting bacterial growth on the biofilm of the functionalized SS316. 
However, the multilayers do not have much of effect on the decrease of the biofilm 
exposure. No obvious reduction of bacteria number is observed on the functionalized 
SS316. 
(a) (b) 
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Figure 6.5 CLSM images for the biofilm on (1) the pristine, and (2) the functionalized SS316 in 
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6.4 Biofilm and Biocorrosion Study Using AFM 
The surface roughness of the biofilm was quantified using AFM analysis. Figure 
6.6 shows that with time, the biofilm surface roughness increased for both the pristine 
and the functionalized SS316. However, the surface roughness of the biofilm on the 
functionalized stainless steel was generally lower compared to that on the pristine 
SS316 (at 0.05 confidence level). This observation is consistent with the CLSM 
images that the q-PEI/PAA multilayers have an effect on decreasing the biofilm 
formation on the substrate surface. This is because of the antibacterial property of 
q-PEI, and hence the decreases in the activity of bacteria. Therefore, the effectiveness 























































Figure 6.6 AFM surface roughness analysis for the biofilm on (a) the pristine SS316, and (b) the 
functionalized SS316 after immersing in EASW for 1, 3, and 5 weeks. 
 
Pit volume was quantified using the AFM bearing analysis.  Figure 6.7 shows 
that the functionalized SS316 shows a reduced pit volume compared to the pristine 
SS316. The functionalized SS316 coupon immersed in EASW with Pseudomonas sp. 
for 1 week showed a much smaller pit volume (0.71 ± 0.11 μm3) than that on the 
pristine one (0.02 ± 0.008 μm3).  The q-PEI/PAA multilayers were also effective in 
(a) (b) 
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reducing the biocorrosion induced by D. singaporenus; the pit volume of 0.048 ± 
0.015 μm3 on the functionalized coupon was much smaller than that of the pristine 
metal (0.72 ± 0.15 μm3) after 5 weeks of immersion.  However, the anti-corrosion 
effect for the coupons with D. desulfuricans was relatively weaker. With time, the pit 
volume increased rapidly. After 5 weeks of immersion with D. desulfuricans, a pit 
volume of 2.69 ± 0.08 μm3 was formed on the functionalized SS316 coupon, which is 
only marginally smaller than the pit volume of 3.23 ± 0.30 μm3 in the pristine metal.  
The reduction of pit volumes on the functionalized stainless steel coupons indicates 
that the live bacteria plays a direct role on the localized corrosion (i.e. pitting), while 
the dead bacteria has relatively lower corrosion effect on the stainless steel substrate. 
This observation is consistent with the previous finding reported by Dinh et al. (2004) 
that there is direct electron flow ways between live bacterial cells and iron substrate, 

















































Figure 6.7 AFM bearing analysis for pit volume formed on (a) the pristine SS316, and (b) the 
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6.5 Biocorrosion Study Using Linear Polarization Analysis 
The biocorrosion effect was further studied using a linear polarization analysis. 
Table 6.1 shows the corrosion current of the pristine SS316 and the functionalized 
SS316 in the presence of Pseudomonas sp., D. desulfuricans, and D. singaporenus, 
respectively.  It is evident that corrosion currents of the functionalized SS316 
coupons were about ten times smaller than that without q-PEI/PAA multilayers in the 
presence of each bacterium. It indicates that compared with the pristine metal, the 
multilayers on the functionalized SS316 provide more effective corrosion protection 
by reducing the corrosion current of the coupons, and thereby resulted in lower 
biocorrosion of the functionalized metal. 
 
Table 6.1 Corrosion current analysis on the pristine SS316 and the functionalized SS316 after 
immersion in EASW for 5 weeks. 
Corrosion current (A) Pseudomonas sp. D. desulfuricans D. singaporenus 
Pristine SS316 1.0 x 10-5 1.6 x 10-5 1.7 x 10-5 
Functionalized SS316 1.6 x 10-6 1.8 x 10-6 1.5 x 10-6 
 
6.6 Summary 
In this study, a newly developed method for coating a SS316 substrate with 
antibacterial reagents using a layer-by-layer technique was investigated. The SS316 
substrate was alternately coated with q-PEI and PAA to form multilayers on its 
surface.  XPS analysis showed the chemical nature of the PEM, and the contact 
angle measurement revealed that the PEM remained stable after immersion in 
seawater for 14 days. The antibiocorrosion ability of PEM on stainless steel was 
assessed using an aerobic bacterium Pseudomonas sp. and two anaerobic SRB 
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bacteria, D. desulfuricans and D. singaporenus. Compared to the pristine SS316 
substrate, the corrosion rates of the functionalized SS316 measured by linear 
polarization were about ten times smaller in the PEM coated metals than the pristine 
SS316.  The volume of the pits, quantified by AFM, also decreased significantly. 
Bacteria growth on the metal substrate was inhibited by the antibacterial effect of PEI 
as shown by CLSM using LIVE/DEAD Baclight bacterial viability kits.  These 
results suggest that PEM shows potential application in the inhibition of biocorrosion 
of metal substrates. 
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CHAPTER 7  BIOFILM AND BIOCORROSION INHIBITION 
USING AN ORGANIC INHIBITOR 
This chapter examined the use of an organic corrosion inhibitor, 
2-Methyl-benzimidazole (MBI), to control both abiotic and biotic corrosion (induced 
by SRB) of mild steel and SS316. The deposition of the inhibitor on the steel was 
examined using XPS. Its corrosion inhibition effect was investigated using SEM, 
CLSM, AFM, EIS and linear polarization techniques. Finally, the adsorption isotherm 
of the inhibitor was also examined. 
 
7.1 Evaluation of Organic Corrosion Inhibitor on Abiotic and Biotic Corrosion of 
Mild Steel 
7.1.1 XPS Analysis  
The attachment of MBI on the mild steel was examined using XPS N 1s and Fe 
2p spectra. XPS analysis was conducted in two stages of this investigation: (i) on the 
mild steel immersed in the seawater without MBI; and (ii) on the mild steel in the 
seawater with the addition of 1 mM MBI. Figure 7.1 and Figure 7.2 show the 
respective spectra of N 1s and Fe 2p from these coupons. 
N 1s spectra – XPS analysis revealed whether MBI has attached onto the steel 
surface during exposure to the seawater in the presence of MBI. Figure 7.1 shows the 
nitrogen (N 1s) spectra for both the pristine mild steel and the mild steel deposited 
with MBI. The total peak area for N 1s spectra of the pristine mild steel is only 112.9, 
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while that for the MBI deposited mild steel is 2081.9. The large peak at 398.9 eV was 
attributed to the amide group (R–NH–R), and the smaller peak at 401.5 eV was 
attributed to the –C=N–C group in MBI. The significant increase of the nitrogen 
intensity and the appearance of –C=N–C group imply that MBI had attached onto the 
steel surface.  
































Figure 7.1 N 1s spectra for (a) the pristine mild steel; (b) the mild steel deposited with MBI. 
 
Fe 2p spectra – From the XPS analysis, it is observed in Figure 7.2 that the 
chemical states of Fe on the surface are very different for the coupons with and 
without MBI. Three states of iron were found, i.e. Fe0 (at 706.8 eV binding energy), 
Fe2+ (at 709.0 eV binding energy), and Fe3+ (at 710.7 eV binding energy). The Fe2+ is 
attributed to the presence of FeO while Fe3+ is attributed to Fe2O3 or FeOOH. The 
coupon with MBI contains more metallic iron (Fe0), while for the pristine coupon, 
more oxidized iron and very little metallic Fe contribute to the proportion of iron 
compounds on the steel surface. This is because when the coupon was immersed in 
the seawater in the presence of MBI, the steel surface was deposited with MBI 
molecules which blocked the interaction of iron with water and chloride molecules. 
(b) (a) 
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On the other hand, in the absence of MBI the steel surface was easily oxidized. The 
intensity of the metallic Fe peak increased for the coupon with MBI, and is therefore 
indicative of the protection offered by the inhibitor.  
 




















Fe 2p for the pristine mild steel
























Fe 2p for the mild steel deposited with MBI
 
Figure 7.2 Fe 2p spectra for (a) the pristine mild steel; (b) the mild steel deposited with MBI. 
 
7.1.2 Bacteria Concentration  
In order to examine the influence of MBI on bacterial activity, the bacteria 
concentration was counted using the most probable number (MPN) method. The 
initial bacteria concentration was 108 cells/ml for both SRB strains. After culturing the 
SRB for 7 days, the concentration in EASW was 9.3 x 108 and 4.6 x 108 cells/ml for 
D. singaporenus and D. desulfuricans, respectively, while in EASW with the addition 
of 1 mM MBI the concentration was 1.5 x 108 and 4.3 x 104 for D. singaporenus and 
D. desulfuricans, respectively. It is evident that MBI was effective in inhibiting the 
growth of the SRB. This effect is not unexpected, since it is known that 
benzimidazole derivatives are highly inhibitory against certain microorganisms 
(Bartlett et al., 1992), although it is noteworthy that 1 mM MBI was more effective in 
(a) (b) 
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inhibiting the growth of D. desulfuricans compared with D. singaporenus. 
 
7.1.3 EIS Analysis 
The corrosion behavior of mild steel in EASW in the presence and absence of 
MBI after an immersion for 24 hours was investigated using EIS at 37 oC. Nyquist 
plots of mild steel in seawater are shown in Figure 7.3 a. It is evident that the addition 
of MBI in EASW increases the polarization resistance of the metal (Figure 7.3 a). In 
the presence of SRB, the MIC is reduced in the system with the organic inhibitor 
(Figure 7.3 b and c).  The EIS results can be interpreted in terms of the equivalent 
circuit models of the electrical double layer as shown in Figure 7.4 (Tan et al., 2006). 
As can be seen from Table 7.1, an increase in the concentration of MBI also increases 
the charge transfer resistance. The inhibition efficiency (IE) is calculated using the 




RRIE '-=                                                 (7.1) 
where tcR  is the charge transfer resistance of the mild steel in the presence of the 
inhibitor, and 'ctR  is the resistance of the mild steel in the absence of the inhibitor. 
The inhibition efficiency increased with the MBI concentration, reaching a maximum 
of 67.8% at 2.5 mM in EASW.  
The corrosion of mild steel by the SRB (in the presence and absence of the 
inhibitor) was also examined. The Nyquist plots are shown in Figure 7.3 (b) and (c) 
and the parameters after fitting with the equivalent circuit model are presented in 
Table 7.1. Results from the control experiments (i.e. without the inhibitor) show that 
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the corrosion resistance of the metal in the presence of D. desulfuricans and D. 
singaporenus are not significantly dissimilar after immersion in the EASW for 24 
hours, but are lower compared to the abiotic system.  In the presence of MBI, the 
inhibition efficiency was found to be greater in seawater with D. desulfuricans than 
with D. singaporenus.  The results showed that MBI inhibits MIC by D. 
desulfuricans with an IE of 38.5% and 71.9% at 1 mM and 2.5 mM, respectively, 
compared 18.7% and 45.6% for D. singaporenus.  The difference in the inhibition 
efficiency of MBI for these biotic systems may lie in the physical properties of the 
bacteria. Significant slime was observed in the culture of D. singaporenus, indicating 
that D. singaporenus excrete more extracellular polymeric substances (EPS). A lower 
decrease in the bacterial number for D. singaporenus, which excrete more EPS, was 
observed, compared to D. desulfuricans.  It is therefore speculated that EPS may 
confer protection against the MBI by combining with the inhibitor molecule. D. 
desulfuricans on the other hand, excrete much less EPS, which thus confer less 
protection.  This observation is consistent with the above; D. singaporenus has a 
higher cell density after the addition of MBI in EASW than D. desulfuricans. 
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Figure 7.3 Nyquist plots for mild steel in EASW for 24 hours (a) without bacteria; (b) with D. 




Figure 7.4 Equivalent circuit for the metal/liquid interface. 
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Table 7.1 Charge transfer resistance and corrosion inhibition efficiency parameters for the corrosion of 
mild steel in EASW with or without MBI. 
Coupons Mild steel Mild steel + D. singaporenus Mild steel +D. desulfuricans 
MBI (mM) Rct (ohm) IE (%) Rct (ohm) IE (%) Rct (ohm) IE (%) 
0 841 - 389 - 363 - 
0.1 1075 21.7 - - - - 
0.5 1904 55.8 - - - - 
1 2071 59.4 479 18.7 590 38.5 
2.5 2608 67.8 715 45.6 1291 71.9 
 
7.1.4 Linear Polarization Analysis and Potentiodynamic Scanning Curves 
Figure 7.5 shows Tafel polarization curves of the pristine mild steel electrode 
and the MBI-treated mild steel in the sterile seawater and seawater in the presence of 
the SRB. The deposition of the inhibitor MBI on the metal substrate marginally shifts 
the corrosion potential of mild steel positively or negatively, while the inhibitor 
strongly reduces the cathodic current density. In particular, for the sterile mild steel, 
the cathodic reaction is inhibited to a larger extent than the anodic reaction. The 
inhibitor is adsorbed on mild steel and acts as a cathodic inhibitor by retarding the 
transfer of hydrogen and chloride from the bulk solution to the mild steel/solution 
interface. Because amine inhibitors function as adsorbates, their inhibition 
performance primarily relies on the adsorption bond between the atoms in the metal 
and the inhibitor molecules (Sastri, 1998). The nitrogen atoms in the MBI molecule 
have an affinity towards mild steel and anchor on the metal surface via the amine 
bond. Nitrogen-containing organic heterocyclic compounds are considered to be 
excellent chelate-forming substances with several transition metals (Ramesh, and 
Rajeswari, 2005; Tan et al., 2006; Patel, 1972).  
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Figure 7.5 Tafel polarization curves of pristine mild steel and inhibited mild steel in EASW for 24 
hours (a) without bacteria; (b) with D. desulfuricans; (c) with D. singaporenus. 
 
Table 7.2 shows the corrosion current density, the corrosion potentials and the 
corrosion rates, which are calculated from the Tafel plots in Figure 7.5. The corrosion 
rate can be calculated from the corrosion current according to the following equation 
(Tan et al., 2006):  
)/(
)(  0.00328  (mm/year) rate Corrosion 3cmg
gMicorr r
=                  (7.2) 
Here, corri  is the corrosion current density, r  is the specimen density and M  is 
the atomic mass of the metal. The inhibition effect of MBI can be calculated from the 
corrosion current density. It is obvious that the corrosion current densities of mild 
steel coupons in the presence of MBI are lower than that without MBI for both the 
(a) (b) 
(c) 
Chapter 7  Biofilm and Biocorrosion Inhibition Using an Organic Inhibitor 
120 
seawater with and without the SRB (Table 7.2). Accordingly, the inhibition efficiency 
(IE) of MBI on mild steel can be calculated from the corrosion current density 
(Ouyang et al., 2006): 
100)'( ´-=
i
iiIE                                         (7.3) 
In the above equation, 'i  is the corrosion current density of the inhibitor-containing 
mild steel, and i  is that of the pristine mild steel. With an increasing MBI 
concentration, the corrosion current density and the corrosion rate decrease, and the 
inhibition efficiency increases. These results show a consistent trend with that 
calculated from the charge transfer resistance (Table 7.1).  MBI is more effective in 
inhibiting biocorrosion caused by D. desulfuricans (with an inhibition efficiency of 
85% in the presence of 2.5 mM of MBI). In general, a higher concentration of SRB 
would lead to a more severe corrosion on the steel surface, since the bacteria produces 
the deleterious hydrogen sulfide and directly accept electrons from metal substrate to 
accelerate the anodic/cathodic reaction thereby enhancing corrosion. The higher 
inhibition efficiency may be due to the higher bacteria inhibition effect of MBI on D. 
desulfuricans; as mentioned earlier, the cell density of D. desulfuricans showed a 
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Table 7.2 Electrochemical polarization parameters for pristine mild steel and inhibited mild steel 
calculated from Tafel plots. 
Coupons MBI concentration 
(mM) 
Ecorr (V) icorr (A/cm2) Corrosion rate 
(mm/year) 
IE (%) 
0 -0.677 2.06 x 10-5 0.219 - 
0.1 -0.684 1.22 x 10-5 0.129 41.0 
0.5 -0.697 1.13 x 10-5 0.120 45.3 
1 -0.691 7.56 x 10-6 0.081 63.2 
No bacteria 
2.5 -0.682 5.16 x 10-6 0.055 75.0 
0 -0.605 2.83 x 10-4 3.240 - 
1 -0.598 2.37x 10-4 2.720 16.1 
D. singaporenus 
2.5 -0.597 1.04 x 10-4 1.190 52.6 
0 -0.616 9.28 x 10-5 1.070 - 
1 -0.677 2.06 x 10-5 0.219 77.8 
D. desulfuricans 
2.5 -0.687 1.39 x 10-5 0.148 85.0 
 
Potentiodynamic scanning (PDS) curves were plotted to investigate the metal 
surface properties. Similar to Figure 7.5 a, the cathodic slopes of the PDS curves are 
constant and the cathodic currents gradually decrease with the addition of MBI, which 
indicates that MBI predominantly controls the cathodic reaction (Figure 7.6). For the 
mild steel exposed to sterile EASW, the current density in the passivity region for the 
coupon with 2.5 mM of MBI is clearly visible, indicating a slight decrease in the 
anodic current. The passive film breakdown occurred at -0.2 V and was followed by a 
gradual increase in the current. Its passive region is much larger than the region 
without the addition of MBI, implying that it suffers less corrosion with the protection 
of MBI.  
The coupon in seawater with D. desulfuricans does not reveal an obvious 
passivity region (Figure 7.6 b). The breakdown occurred suddenly and appeared as an 
eruption in the anodic current. Such an instant increase (approximately ten-fold in the 
anodic current from 3.6 x 10-5 A to 5.8 x 10-4 A at 0.15 V) may possibly be associated 
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with a situation in which the inner surface of well-developed pits located beneath the 
corrosion products and the biofilm are exposed to the bulk solution after the biofilm 
layer was disintegrated (Starosvetsky et al., 2001). However, the coupon with 
protection from MBI has a much higher breakdown potential, and the anodic current 
increases more slowly compared to that without MBI. The corrosion inhibition for the 
coupon with D. singaporenus is not so obvious; the addition of MBI decreases the 
anodic current only marginally.  
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Figure 7.6 Potentiodynamic scanning curves of mild steel exposed to EASW for 24 hours (a) without 
bacteria; (b) with D. desulfuricans; (c) with D. singaporenus. 
 
7.1.5 SEM Analysis 
The protection of mild steel afforded by MBI against corrosion caused by both 
abiotic corrosion and MIC was corroborated by scanning electron microscopy (SEM). 
(a) (b) 
(c) 
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Figure 7.7 to Figure 7.9 show the appearance of polished mild steel at a magnification 
of 1000 after 24 hours of immersion in EASW. Figure 7.7 shows that the surface of 
the mild steel coupon was protected by MBI under sterile conditions; the coupon 
without the addition of MBI is full of corrosion products, while the coupon with MBI 
is smoother and contains fewer corrosion products. The surface of the coupons with D. 
desulfuricans and D. singaporenus, which contains both corrosion products and the 
biofilm, suffered more severe corrosion (Figure 7.7 a and Figure 7.9 a). The addition 
of MBI in the bacterial solution successfully reduced the extent of corrosion (Figure 




Figure 7.7 SEM images of mild steel in EASW for 24 hours (a) without MBI; (b) with MBI at 0.1 mM; 










Figure 7.8 SEM images of mild steel in EASW with D. desulfuricans for 24 hours (a) without MBI; (b) 
with MBI at 1 mM; (c) with MBI at 2.5 mM. (magnification x1,000) 
  
 
Figure 7.9 SEM images of mild steel in EASW with D. singaporenus for 24 hours (a) without MBI; (b) 
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The bacteria with and without the MBI was also observed using SEM at a 
greater magnification (Figure 7.10). In the absence of MBI, the cell surface of D. 
singaporenus was smooth (Figure 7.10 a), while in the presence of MBI in the 
solution, the bacteria surface became much rougher and appeared to be flake-like 
(Figure 7.10 b). This flake distribution is also observed on the steel in the presence of 
600 ppm (4 mM) 2-mercaptobenzoimidazole (Morales-Gil et al., 2004). The possible 
reason is that the extracellular polymeric substances (EPS), which were excreted by D. 
singaporenus, combines with the inhibitor to protect the cells from the toxic inhibitor. 
On the other hand, no flake-like structure was observed on the cell surface of D. 
desulfuricans (Figure 7.10 c and d).  
 
   
  
Figure 7.10 Biofilm on mild steel (a) D. singaporenus without MBI; (b) D. singaporenus with MBI at 
1 mM; (c) D. desulfuricans without MBI; (d) D. desulfuricans with MBI at 1 mM. 
ba
c d
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7.1.6 AFM Analysis 
AFM was used to image the biofilm topography and to quantify the surface 
roughness using RMS (i.e., the standard deviation of Z values within the image) after 
analyzing five biofilm images for each coupon. It is evident that the addition of MBI 
resulted in a decrease in the surface roughness (Figure 7.11 and Figure 7.12).  The 
roughness of the mild steel coupon with D. desulfuricans and D. singaporenus was 
104.9 ± 10.4 nm and 232.7 ± 23.5 nm, respectively, and the addition of 2.5 mM MBI 
reduced the surface roughness to nearly half of the original value (i.e., 46.7 ± 4.1 nm 
and 113.9 ± 19.3 nm, respectively) (Table 7.3). The AFM images and the roughness 
quantification are consistent with the SEM images (Figure 7.8 and Figure 7.9). 
Furthermore, the pit depth on the mild steel was quantified by the AFM section 
analysis of ten images for each coupon. It showed a reduction (from 59.3 ± 11.2 nm to 
20.4 ± 10.6 nm for D. desulfuricans, and from 42.0 ± 16.7 nm to 15.6 ± 5.8 nm for D. 
singaporenus) with the addition of MBI. These results indicate that the corrosion of 
mild steel by the two strains of SRB is inhibited upon the addition of MBI.  
 
   
 
(a) (b) 
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Figure 7.11 AFM images of mild steel in EASW with D. desulfuricans for 24 hours (a) without MBI; 
(b) with MBI at 1 mM; (c) with MBI at 2.5 mM. 
 
   
 
 
Figure 7.12 AFM images of mild steel in EASW with D. singaporenus for 24 hours (a) without MBI; 
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Table 7.3 AFM study of biofilm surface roughness and pit depth. 
Coupons Roughness (nm) (RMS) Pit depth (nm) 
Mild steel + D. desulfuricans 104.9 ± 10.4 59.3 ± 11.2 
Mild steel + D. desulfuricans + MBI (1 mM) 54.8 ± 8.6 40.3 ± 9.8 
Mild steel + D. desulfuricans + MBI (2.5 mM) 46.7 ± 4.1 29.4 ± 10.6 
Mild steel + D. singaporenus 232.7 ± 23.5 42.0 ± 16.7 
Mild steel + D. singaporenus + MBI (1 mM) 172.2 ± 20.1 37.5 ± 12.4 
Mild steel + D. singaporenus + MBI (2.5 mM) 113.9 ±19.3 15.6 ± 5.8 
 
7.1.7 Adsorption Isotherm 
In order to understand the mechanism of corrosion inhibition, it is necessary to 
know the adsorption behavior of the organic adsorbate on the metal surface. The 
degree of the surface coverage (q ) for different concentrations of MBI has been 
evaluated from electrochemical data. The fractional surface coverage ( q ) is 
represented by the following equation (Morales-Gil et al., 2004): 
i
ii )'( -
=q                                               (7.4) 
Here, 'i  is the corrosion current density of the inhibited mild steel, and i is that of 
the pristine mild steel. Different adsorption models were employed to determine 
empirically the adsorption isotherm that best fits the surface coverage data. The 
equations pertaining to the adsorption models are:  
Temkin model:       qfad eCK =                               (7.5) 






CK ad                              (7.6) 
Freundlich model:    q=nadCK
/1                               (7.7) 






=                           (7.8) 
Here, Kad is the adsorption equilibrium constant, C is the concentration of inhibitor, 
and f is the molecular interaction constant. The surface coverage values (q ) were 
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determined graphically by fitting a suitable adsorption isotherm to explain the 
behavior associated with the experimental results.  Among these models, only the 
Langmuir model (Figure 7.13) provides a good fit. The MBI molecule is adsorbed on 
the mild steel surface due to the free electron pairs on the nitrogen atom. MBI was 
adsorbed onto the metal surface via the amine group in the heterocyclic compound to 
occupy the free surface sites on the metal. The smaller interference by chloride ions 
may lead to a lower adsorption and inhibition of corrosion (Table 7.1 and Table 7.2). 
The adsorption of some other inhibitors, such as 2-mercaptobenzoimidazole, 
2,5-bis(3-pyridyl)-1,3,4-thiadiazole, 2,5- bis(3-pyridyl)-1,2,4-thiadiazole, and 3,5- 
bis(2-thienyl)-4-amino-1,2,4-triazoles, has also been reported to follow the Langmuir 
isotherm model when adsorbing onto mild steel (Bentiss et al., 2004; Tan et al., 2004; 
Bentiss et al., 1999). 
The standard free energy of adsorption ( adsoGD ) can be evaluated with the 
following expression (Morales-Gil et al., 2004):  
)ln( adads
o KRTG -=D                                      (7.9) 
The MBI adsorption parameters were calculated from the fitting procedure of 
the Langmuir adsorption equation to the experimental data. The free energy of 
adsorption is calculated to be -17 kJ/mol for MBI, which indicates that the inhibitor 
can easily adsorb onto the metal surface. Usually the adsorption free energy involved 
in a chemisorption process is more negative than -25 kJ/mol (Geler and Azambuja, 
2000). This means that MBI protects mild steel through physical adsorption to 
compete with the aggressive species (i.e., chloride, hydrogen).  
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Figure 7.13 The application of the Langmuir isotherm model to the corrosion protection behavior of 
MBI to mild steel. 
 
7.2 Evaluation of Organic Corrosion Inhibitor on Abiotic and Biotic Corrosion of 
SS316 
7.2.1 EIS Analysis 
The corrosion behavior of SS316 in EASW in the presence and in the absence of 
MBI after an immersion for 1 week at 37 oC was investigated using EIS. Nyquist plots 
of SS316 in seawater are shown in Figure 7.14. It is manifest that the addition of MBI 
in EASW increases the polarization resistance of the SS316 (Figure 7.14 a). In the 
presence of SRB, the MIC is reduced in the system with the organic inhibitor (Figure 
7.14 b and c). The sterile SS316 without inhibitor exhibits Warburg impedance, which 
can be attributed to the hydrogen transport from the bulk solution to the SS316 
surface in the anaerobic environment. It indicates that the corrosion process is 
controlled by the mass transport of hydrogen to the metal/solution interface.  
The EIS results were interpreted in terms of the equivalent circuit model of the 
electrical double layer Rs(QdlRct) (Tan et al., 2006). Table 7.4 lists the parameters of 
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charge transfer resistance (Rct) and corrosion inhibition efficiency (IE) after fitting 
with the model. As can be seen from Table 7.4, an increase in the concentration of the 
inhibitor MBI induces the increase the charge transfer resistance. The inhibition 
efficiency is calculated using the charge transfer resistance from Equation 7.1. The 
inhibition efficiency increased with the MBI concentration, reaching a maximum 
(99.47 %) at 1 mM of MBI in EASW.  
The corrosion of SS316 by the SRB (in the presence and in the absence of the 
inhibitor) was also examined. The Nyquist plots are shown in Figure 7.14 b and c and 
the parameters after fitting with the above equivalent circuit model are presented in 
Table 7.4. Results from the control experiments (i.e. without the inhibitor) show that 
the corrosion resistance of the metal in the presence of D. desulfuricans and D. 
singaporenus are lower compared to the abiotic system.  In the presence of MBI in 
seawater with D. desulfuricans, the inhibition efficiency was found to be similar to 
the system with D. singaporenus (IE of 93.96% and 95.55% for D. desulfuricans and 
D. singaporenus, respectively, with 1 mM MBI).  However, the coupon reached high 
IE with 0.1 mM MBI for D. desulfuricans, while for D. singaporenus, the IE was still 
low with 0.1 mM MBI. It reached high IE (91.02%) only when 0.5 mM of MBI was 
added.  The difference in the inhibition efficiency of MBI for these two biotic 
systems may be dependent on the physical properties of the bacteria. D. singaporenus 
excrete more extracellular polymeric substances (EPS) than D. desulfuricans, thus 
combine more MBI with EPS which results in less protection efficiency. 
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Figure 7.14 Nyquist plots for SS316 in EASW for 1 week (a) without bacteria; (b) with D. 
desulfuricans; (c) with D. singaporenus. 
  
Table 7.4 Charge transfer resistance and corrosion inhibition efficiency parameters for the corrosion of 








0 15.67 - 
0.1 209 92.50 




  1 2950 99.47 
0 6.82 - 
0.1 90.5 92.46 




  1 112.9 93.96 
0 4.49 - 
0.1 6.93 35.21 








Chapter 7  Biofilm and Biocorrosion Inhibition Using an Organic Inhibitor 
133 
7.2.2 Linear Polarization Analysis 
Table 7.5 shows the corrosion current density, the corrosion resistant and the 
corrosion rates, which are calculated from the Tafel plots. It is obvious that the 
corrosion current densities of SS316 coupons in the presence of MBI are lower than 
those without MBI for both the seawater with and without the SRB (Table 7.5). 
Accordingly, the inhibition efficiency of the inhibitor MBI on SS316 is calculated 
from the corrosion current density (Equation 7.2). With the increasing of MBI 
concentration, the corrosion current density and the corrosion rate decrease, and the 
inhibition efficiency increases. These results show a consistent trend with those 
calculated from the charge transfer resistance (Table 7.4). MBI is effective in 
inhibiting biocorrosion of SS316 caused by both D. desulfuricans and D. 
singaporenus with an IE larger than 90%. This indicates the inhibitor was adsorbed on 
the steel surface and effectively retarded the transfer of hydrogen and chloride from 
the bulk solution to the steel/solution interface. However, the high inhibition 
efficiency for D. singaporenus appeared when 0.5 mM MBI was added, similar to the 
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Table 7.5 Electrochemical polarization parameters calculated from Tafel plots for the pristine SS316 








0 2.04 x 104 1.46 x 10-5 3.41 x 10-4 - 
0.005 2.47 x 104 5.86 x 10-6 1.37 x 10-4 59.9 
0.01 3.19 x 104 1.54 x 10-6 3.60 x 10-5 89.5 
0.05 1.03 x 105 9.24 x 10-7 2.16 x 10-5 93.7 
0.1 2.09 x 105 7.87 x 10-7 1.84 x 10-5 94.6 
0.5 3.92 x 105 3.25 x 10-7 7.59 x 10-6 97.8 
No bacteria 
1 4.31 x 105 2.22 x 10-7 5.19 x 10-6 98.5 
0 5.86 x 103 5.17 x 10-4 1.21 x 10-2 - 
0.1 9.59 x 103 3.17 x 10-4 7.41 x 10-3 38.7 
0.5 3.44 x 104 3.27 x 10-5 7.64 x 10-4 93.7 
1 1.16 x 105 1.94 x 10-6 4.53 x 10-5 99.6 
D. singaporenus 
2.5 1.55 x 105 1.13 x 10-7 2.64 x 10-6 99.9 
0 4.69 x 103 8.51 x 10-4 1.99 x 10-2 - 
0.1 3.26 x 104 6.54 x 10-5 1.53 x 10-3 92.3 
0.5 9.09 x 105 4.54 x 10-6 1.06 x 10-4 99.5 
1 1.13 x 105 1.18 x 10-6 2.76 x 10-5 99.9 
D. desulfuricans 
2.5 2.90 x 105 8.02 x 10-7 1.87 x 10-5 99.9 
 
7.2.3 CLSM Analysis 
The adhesion of SRB on the SS316 surface was visualized by CLSM.  Figure 
7.15 and Figure 7.16 show the appearance of bacteria on the SS316 coupons after 1 
week of immersion in EASW. It is obvious that the bacterial number of both D. 
desulfuricans and D. singaporenus attached onto the SS316 surface decreased with 
the addition of MBI. SRB adhered to a greater extent on the SS316 without MBI, 
while much fewer bacteria attached on the coupons in the presence of MBI in 
seawater. These images are consistent with the electrochemical results that the fewer 
bacteria adhered on the SS316 surface, the less corrosion. This is because the SRB 
have direct interaction with steel surface (Dinh et al., 2004). The reduction of direct 
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Figure 7.15 CLSM images of SS316 in EASW (a) with D. desulfuricans; (b) with D. desulfuricans + 









Figure 7.16 CLSM images of SS316 in EASW (a) with D. singaporenus; (b) with D. singaporenus + 
MBI (1 mM); (c) with D. singaporenus + MBI (2.5 mM). 
 
7.2.4 AFM Analysis 
AFM was used to image the biofilm topography and to quantify the surface 
roughness (RMS, i.e. the standard deviation of Z values within the image) under AFM 
section analysis. It is evident that the addition of MBI resulted in a decrease in the 
surface roughness (Figure 7.17 and Table 7.6).  The roughness of the SS316 coupon 
with D. desulfuricans and D. singaporenus was 32.69 ± 6.06 nm and 25.77 ± 5.40 nm, 
respectively, and the addition of 1 mM MBI reduced the surface roughness to nearly 
(a) (b) 
(c) 
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half of the original value (i.e., 16.23 ± 2.77 nm and 20.94 ± 3.88 nm, respectively). 
The AFM images and the roughness quantification are consistent with the CLSM 
images (Figure 7.15 and Figure 7.16) that the addition of MBI decreased the number 
of bacteria attached on the SS316 surface and reduced the steel corrosion. 
Furthermore, the pit depth on the SS316, quantified by the AFM section analysis, 
showed a reduction (from 31.07 ± 13.81 nm to 18.25 ± 6.93 nm for D. desulfuricans, 
and from 15.50 ± 4.83 nm to 11.94 ± 4.74 nm for D. singaporenus, with the addition 
of 1 mM MBI). These results indicate that the corrosion of SS316 by the two strains 




Figure 7.17 AFM images of SS316 in EASW (a) with D. desulfuricans, (b) with D. desulfuricans + 
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Table 7.6 AFM study of biofilm surface roughness and pit depth. 
Coupons Roughness (nm) (RMS) Pit depth (nm) 
SS316 + D. desulfuricans 32.69 ± 6.06 31.07 ± 13.81 
SS316 + D. desulfuricans + MBI (1 mM) 16.23 ± 2.77 18.25 ± 6.93 
SS316 + D. desulfuricans + MBI (2.5 mM) 13.15 ± 5.11 15.82 ± 4.21 
SS316 + D. singaporenus 25.77 ± 5.40 15.50 ± 4.83 
SS316 + D. singaporenus + MBI (1 mM) 20.94 ± 3.88 11.94 ± 4.74 
SS316 + D. singaporenus + MBI (2.5 mM) 17.80 ±1.79 8.32 ± 3.18 
 
7.2.5 Adsorption Isotherm 
The adsorption behavior of the organic inhibitor onto the metal surface was 
investigated to better understand its mechanism of corrosion inhibition. The degree of 
the surface coverage (q ) for different concentrations of MBI has been evaluated from 
electrochemical polarization data as before. Four different adsorption models (i.e., 
Temkin’s model, Langmuir’s model, Freundlich’s model, and Frumkin’s model) were 
employed to empirically determine which adsorption isotherm fits the surface 
coverage data the best. Fitting results showed that only the Langmuir model (Figure 
7.18) provides a good fit among these models. This result shows that the adsorption of 
MBI to the SS316l is similar to its adsorption to the mild steel. The heterocyclic MBI 
may adsorb through the interactions between the nitrogen atoms in MBI and iron to 
occupy the free surface sites on the metal to form a monolayer. Corrosion is inhibited 
by blocking the interaction of the metal with chloride and hydrogen ions.  
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1.2  Experimental data





Figure 7.18 The application of the Langmuir isotherm model to the corrosion protection behavior of 
MBI to SS316. 
 
The standard free energy of adsorption ( adsoGD ) can be evaluated from the 
fitting value of Kad. The free energy of adsorption to SS316 is calculated to be -12.2 
kJ/mol for MBI, which is similar to the adsorption energy of MBI to mild steel, i.e. 
-17 kJ/mol.  This means that like mild steel, MBI protects SS316 also through 
physical adsorption to compete with the aggressive species (i.e. chloride, hydrogen).  
 
7.3 Summary 
The application of organic inhibitor MBI to control the abiotic corrosion and 
biotic corrosion induced by SRB was investigated. From the corrosion point of view, 
MBI was an effective inhibitor in the control of corrosion of both mild steel and 
SS316 in the sterile seawater and in the seawater in the presence of SRB. MBI 
predominantly inhibited the cathodic reaction. The corrosion inhibition by MBI was 
more effective for corrosion caused by D. desulfuricans than that caused by D. 
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singaporenus. For the biocorrosion caused by SRB, the corrosion control was partly 
due to the inhibition of bacterial activity and the reduction of bacterial attachment on 
the steel surface. The adsorption of MBI on both mild steel and SS316 surface obeyed 
the Langmuir adsorption isotherm. 
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Conclusions 
This research investigated the isolation of a new strain of sulphate-reducing 
bacteria from local seawater and the characterization of its morphological, 
physiological and phylogenetic properties. The biofilm formation and the induced 
biocorrosion by this marine isolate were studied and compared with that of a common 
SRB Desulfovibrio desulfuricans. The application of a new organic inhibitor and a 
layer-by-layer coating technique was investigated to examine their effectiveness in the 
inhibition of biofilm formation and the biocorrosion of metals. 
 
The new strain of sulphate-reducing bacteria, designated Desulfovibrio 
singaporenus strain SJI1, was isolated from local seawater near St. John’s Island in 
Singapore. Cells were characterized and found to be rod, curved-shaped, 0.5 x 1-2 μm 
in size, motile with a single polar flagellum, and Gram-negative. Results showed that 
this SRB could utilize the following organic compounds: acetate, lactate, pyruvate, 
propionate, hydrogen, methanol, ethanol, butanol, propanol, glycerol, succinate, 
malate, formate, fructose, glucose, and cysteine as electron donors, with sulphate, 
sulfite, thiosulfate, and elemental sulfur as the electron acceptors (but not nitrate). 
Pyruvate, cysteine and propionate were fermented by the strain; sulfite and elemental 
sulfur were disproportioned. Bacterial growth occurred under the following 
environments: (i) NaCl concentration from 10 to 75 g/l; (ii) temperature from 15 to 45 
oC; and (iii) the pH from 5 to 10. The optimum NaCl concentration, temperature, and 
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the pH for the growth of the bacteria were found to be 25 g/l, 37 oC, and 7, 
respectively. Desulfoviridin-type reductase was present. The 16S rRNA sequence 
alignment showed that the strain shared 99% similarity to Desulfovibrio bizertensis. 
The difference in physiological, morphological and phylogenical properties indicates 
that the strain isolated is a new one and has never been reported.  
D. singaporenus strain SJI1 can completely oxidize lactate to acetate and CO2 
with sulphate as the electron acceptor, and to the best of our knowledge, is the only 
Desulfovibrio with this novel property. This strain can also partially oxidize acetate 
with sulphate as an electron acceptor through Kreb cycle (tricarboxylate cycle) 
parthway. Being a member of Desulfovibrio, the new strain’s acetate-using property is 
rare and it is seldom observed among the members of Desulfovibrio. To our 
knowledge, D. singaporenus is the first member of Desulfovibrio that can use oxidize 
acetate with inorganic compounds.  
 
Atomic force microscopy was used to directly quantify the interactions between 
the various bacteria (i.e. D. singaporenus, D. desulfuricans and Pseudomonas sp.) and 
the metal substrates (i.e. aluminum, copper, mild steel, and stainless steel). This 
technique was successful in elucidating the initial adhesion for biofilm formation on 
metals. A maximum adhesion force peak followed by several small peaks was 
observed when the cell probe retracted from the surface, indicating bond stretching 
and multiple bond breakages when the cell was moved away from the substrate. 
Moreover, the adhesion force was found to be sensitive to the physiological properties 
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of the bacterium as well as the metal substrate. Results showed that aluminum had the 
largest adhesion force with the bacteria, while copper had the smallest. Pseudomonas 
sp. exhibited larger adhesion force with metals compared to D. singaporenus and D. 
desulfuricans. The hydrophobicity and surface charges of the metal substrates and 
bacteria had a significant effect on the cell-metal adhesion. The surface charge greatly 
influenced the adhesion force by controlling the electrostatic interaction. The bacterial 
adhesion forces were enhanced by the increasing of the surface hydrophobicity. The 
difference in metal-bacteria adhesion forces is due to the influence of both the zeta 
potential and surface wettability of the bacteria and metal surface. Moreover, the 
electrostatic interaction between the negative bacterial cells resulted in stronger 
repulsive forces in the cell–cell interactions as compared to the cell–metal 
interactions.  
The influence of nutrient, ionic strength and pH of the solution was further 
investigated. Bacteria-metal interaction was reduced in the presence of the nutrients in 
the solution because of the formation of a trace organic film which decreased the 
metal surface wettability. An increase in the ionic strength in solution enhanced the 
bacterial adhesion to metal surfaces due to the compression of the bacteria surface 
biopolymers, thus decreasing the bacteria-metal repulsion. Bacteria-metal adhesion 
force was the highest when the pH of the solution was near the isoelectric point of the 
bacteria, i.e. at the zero point charge. The adhesion forces at pH 9 were higher than at 
pH 7 due to the increase in the attraction between Fe ions and negative carboxylate 
groups. 
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The development of biofilm and the biocorrosion effects of SRB on SS316 were 
studied. AFM images and EIS modeling results showed that the biofilm formed by D. 
desulfuricans accumulated with exposure time, while the biofilm formed by D. 
singaporenus underwent several phases of attachment, growth, subsequent 
detachment and reattachment. The biofilm induced by different SRB strains showed 
different morphology and polarization resistance. The biofilm formed by D. 
singaporenus was compact and crystal-like, whereas the biofilm formed by D. 
desulfuricans was porous and net-like and thus induced a faster corrosion on the 
surface of SS316. Pits with a curved-rod shape which is similar to SRB cell 
morphology suggest a direct role of SRB cells on the localized corrosion. Equivalent 
circuit models from EIS results bore out the presence of biofilm on the metal surface 
for both D. desulfuricans and D. singaporenus. However, an additional layer of iron 
sulfide deposit on the steel surface was formed in the presence of D. singaporenus.  
 
In addition, a new method for coating a SS316 substrate with antibacterial 
chemicals using a layer-by-layer technique was investigated. The SS316 substrate was 
alternately coated with quaternized polyethylenimine (q-PEI) and poly(acrylic)acid 
(PAA) to form multilayers on its surface.  XPS and contact angle measurements 
showed the chemical nature of the polyelectrolyte multilayers (PEM). The PEM was 
found to be stable in seawater. The antibiocorrosion ability of PEM on SS316 was 
assessed using an aerobic bacterium Pseudomonas sp. and two anaerobic bacteria, D. 
desulfuricans and D. singaporenus.  Compared to the pristine SS316 substrate, the 
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corrosion rates of the functionalized SS316 measured by EIS and linear polarization 
decreased in the presence of PEM coating.  The depths of the pits caused by the 
biocorrosion also decreased significantly as quantified by AFM. Biofilm growth on 
the metal substrate was inhibited by the antibacterial effect of PEI as evidenced by 
CLSM using LIVE/DEAD Baclight bacterial viability kits.  These results indicate 
that PEM shows potential application in the inhibition of biocorrosion of metal 
substrates. 
 
Finally, an organic inhibitor, MBI, was examined for its effectiveness in 
controlling abiotic corrosion and biotic corrosion induced by SRB. MBI was found to 
be an effective inhibitor in the control of mild steel and SS316 corrosion in sterile 
seawater, and in seawater in the presence of D. desulfuricans or D. singaporenus. 
Tafel plots revealed that MBI predominantly inhibits the cathodic reaction. The 
corrosion inhibition by MBI at 0.1-2.5 mM is more effective for the corrosion caused 
by D. desulfuricans than that caused by D. singaporenus, with a corrosion inhibition 
efficiency of 85% and 93.96% for mild steel and stainless steel, respectively, in the 
presence of D. desulfuricans. The corrosion inhibition of MIC is partly due to the 
inhibition of bacterial activity, as well as the reduction of bacterial attachment on the 
steel surface. The adsorption of MBI on both mild steel and stainless steel surfaces 
obeys the Langmuir adsorption isotherm.  
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8.2 Recommendations 
We have isolated a new marine SRB strain and tested its corrosion behavior to 
metals, which is particularly helpful in understanding local biocorrosion problem of 
marine facilities in Singapore. We have performed experiments with AFM force 
spectroscopy using a cell probe, and have quantified the bacteria-metal forces in a 
nano-level. Contribution has been made to the understanding of the initial biofilm 
formation in the marine environment.  
However, the work so far is relatively limited because the reasons why the strain 
could use acetate and which gene and enzymes contribute to this property remain to 
be investigated. Further work is necessary to identify the exact gene and enzymes that 
are related to the acetate oxidation. Moreover, this work is limited to the initial 
bacteria-metal interaction; as such it does not address the factors influencing the 
biofilm accumulation. It is important to explore the biofilm development after the 
initial formation of first bacterial layer on metal surfaces.  The AFM images of the 
pits which mirror the bacterial morphology suggest that the SRB directly interact with 
SS316, but the questions on the mechanism of the direct reaction of SRB with the 
metal surface, and the electron flow among the metal, bacteria and biofilm remain 
unanswered.  
Therefore, more work is required to shed light on these critical issues, and 
further studies are needed to extend the contributions made in this thesis. Some 
recommendations are proposed for future research: 
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Study of the acetate metabolism pathway of D. singaporenus 
As acetate oxidation with sulphate reduction by D. singaporenus is a unique 
capability of this organism, it would be interesting and important to research in depth 
the metabolic pathway of acetate oxidation. So far some researchers have proposed 
the acetate metabolism pathway of several acetate utilizing SRB, such as the citric 
acid cycle with the synthesis of pyruvate from acetyl CoA and carbon dioxide as an 
anaplerotic reaction (Thauer, 1982), and the direct breakdown of C-C bond in 
activated acetate (Schauder et al., 1986). Study on the enzymes and particular gene 
participating in the acetate oxidation would be useful to explore the unique behavior 
for bacteria survival in the natural environment.  
Application of force spectroscopy technology in coating strategies 
The development of cell probes and its use in force spectroscopy to study the 
bacteria-metal interaction is useful, particularly in the application of anti-biofilm 
strategies. A common technique to prevent the biofilm attachment is to deposit a layer 
of coating on the surface. The usual way to detect the effectiveness of the coating is 
the observation of biofilm formation over a period of time. A study on the application 
of the force spectroscopy using cell probes would be useful to investigate the 
effectiveness of the coatings for biofilm and biocorrosion inhibition. 
Biofilm formation and biocorrosion in a flow-through system 
In the present work, the experiments were operated in a static system in the 
study of biofilm formation and biocorrosion on the metal surfaces. However, natural 
systems are usually flowing systems, such as the piping lines and heat exchangers. 
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The flow rate of the fluid has a significant effect on the microorganisms’ attachment 
and accumulation on the metal substrates. Slow flow rate would facilitate the biofilm 
growth and accumulation, while fast flow rate would result in the easy detachment of 
biofilm from substrates.  Hence, it is important to investigate the relationship 
between the flow rate and the biofilm formation as well as the biocorrosion effect on 
metals.  
Biocorrosion of metals in a mixed culture 
Numerous microorganisms are known to cause biocorrosion in the natural 
environment.  A mixed culture or a consortium of microorganisms may give rise to 
more severe biocorrosion than in pure culture systems. In general, there is a 
cooperative role between the aerobic and anaerobic bacteria, which would lead to 
more intense corrosion. Anaerobic bacteria benefit from aerobic bacteria because the 
aerobic bacteria would consume the oxygen and produce an ideal anaerobic 
environment. Furthermore, some microorganisms produce metabolic products which 
may become the substrates or energy sources for the other bacteria. This mutualistic 
relationship among the bacteria thus renders the biocorrosion phenomena more 
complex.  
This work is limited to biocorrosion induced by pure cultures. To reflect 
corrosion problem in the natural environment, more research is needed to study the 
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